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Transition from ferromagnetic to noncollinear to paramagnetic state with increasing Ru
concentration in FeRu films
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The structural and magnetic properties of sputter-deposited Fepo—,Ru, films were studied for x < 50. The
crystal structure of Fejgo_,Ru, is shown to be predominantly body-centered cubic for x < 13 and to undergo
a gradual transition to hexagonal close-packed in the Ru concentration range 13 < x < 20. Magnetic measure-
ments indicate that the addition of Ru to Fe gives rise to a noncollinear magnetic alignment between Fe atoms
in the body-centered cubic FeRu alloys, while the hexagonal close-packed FeRu alloys exhibit paramagnetic
behavior. A simple atomistic model was used to show that the competition between ferromagnetic coupling of
neighboring Fe atoms and antiferromagnetic coupling of Fe atoms across Ru atoms in cubic FeRu structures
can induce noncollinear magnetic order. Magnetic multilayer structures used in thin-film magnetic devices make
extensive use of both Fe and Ru layers. Our results reveal that the presence of even a small amount of Ru in Fe
influences the magnetic order of Fe, which could impact the performance of these devices.
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I. INTRODUCTION

Iron is the most abundant element in the Earth by mass,
composing about 80 % of Earth’s core; furthermore, it is the
fourth most abundant element in Earth’s crust [1]. The struc-
tural, electrical, and magnetic properties of iron and its alloys
are at the root of many applications. Of the three elements that
have ferromagnetic alignment above room temperature (iron,
cobalt, and nickel), iron has the largest saturation magneti-
zation, making iron alloys a crucial component of magnetic
devices (e.g., hard and soft magnets, magnetic sensors, and
recording media). However, despite centuries of research, un-
derstanding the phase diagram and magnetic properties of iron
alloys remains an active research topic.

The unary phase diagram of Fe consists of three crystal
structures that meet at a triple point located at approximately
477°C and 11 GPa. At standard temperature and pressure, Fe
is body-centered cubic (bcc), known as «-Fe, and has well-
known ferromagnetic order. The crystal structure transitions
from bcc to face-centered cubic (fcc) at high temperatures. At
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pressures above 11 GPa, the crystal structure of Fe transitions
from bce to hexagonal close-packed (hep), known as e-Fe.
The hcp Fe phase is stable for pressures and temperatures
corresponding to the conditions of Earth’s core [2]. At the
transition from bcc to hep Fe, there is a rapid decrease in
magnetic moment [3]. However, unlike bcc Fe, the magnetic
state of hcp Fe is not well understood. Some experimental
studies find that hcp Fe does not appear to have any long-range
magnetic order, as determined from low-temperature Moss-
bauer measurements [4,5], x-ray magnetic circular dichroism
[3], and neutron powder diffraction [6]. X-ray emission spec-
troscopy, on the other hand, detects a localized magnetic
moment for hcp Fe between about 12 and 40 GPa [6,7] with a
magnitude of 0.74up at 20 GPa [6]. More recently, a ground
state of alternating antiferromagnetic and nonmagnetic atomic
layers was used to explain the conflicting experimental obser-
vations discussed above [6].

Thin-film magnetic devices make extensive use of not only
Fe but also Ru layers [8—10]. Thus, it is important to study
how the presence of Ru in Fe, which can occur during deposi-
tion or annealing, affects the magnetic properties of Fe. When
Fe is alloyed with Ru, not only the bce phase but also the hep
phase can be stabilized at standard temperature and pressure.
The bce phase of FeRu has been seen for up to 4 at. % of
Ru in Fe [11]. Recent studies suggest that this phase of FeRu
is ferromagnetic [12], as is pure Fe. Additionally, Mossbauer
studies of bulk bcc FeRu argue for the presence of spin and
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charge density waves in the vicinity of the Ru impurities
in Fe [13]. As more Ru is added, the hcp phase appears: it
has been seen above 23 at. % of Ru in the equilibrium phase
diagram [11]. There are many parallels between hcp FeRu and
high-pressure hcp Fe; however, theoretical and experimental
studies of FeRu are scarce. Similar to high-pressure Fe stud-
ies, during the transition from bcc to hcp, the magnetization
of FeRu collapses. The magnetic structure of the hcp FeRu
alloy remains a debated topic. Early Mdossbauer studies did
not observe any hyperfine structure, but the existence of an
antiferromagnetic phase with a magnetic moment of about
0.1ug was estimated [14,15]. More recent Mossbauer stud-
ies suggest that hcp FeRu is paramagnetic [12], but neutron
diffraction studies of bulk hcp Fe;;Ruyg reported an incom-
mensurate antiferromagnetic state with a Néel temperature of
124K and a low-temperature Fe magnetic moment of about
wup [16]. Theoretical work on the ground state of FesoRusg
identifies a type-II antiferromagnetic phase as the lowest en-
ergy state [17].

More recently, thin-film FeRu has been shown to mediate
a large noncollinear magnetic coupling between two ferro-
magnetic layers [18]. The coupling angle and strength was
controlled by the concentration of Ru within the FeRu alloy.
Controlling the coupling angle is important for the design of
magnetic thin-film devices, as the optimal structure almost
always requires noncollinear alignment between at least two
adjacent ferromagnetic films [19-22]. At present, it is not
clear what role the bcc and hep structures within the FeRu
alloy play in the observed noncollinear coupling.

In this paper, we investigate the structural and magnetic
properties of FeRu films over a composition range from O to
50 at. % of Ru in Fe. The emphasis is on the Ru concentration
range from O to 20 at. %, within which the transition from
bee to hep crystal structure occurs. Structural properties are
explored with x-ray diffraction (XRD) and transmission elec-
tron microscopy (TEM), and magnetic properties are explored
with Mdssbauer spectroscopy, vibrating sample magnetome-
try (VSM), magneto-optical Kerr effect (MOKE) microscopy,
and Lorentz transmission electron microscopy (LTEM). Our
results show that, as Ru is added to ferromagnetic Fe films,
the magnetic behavior of the films transitions to noncollinear
and then to paramagnetic. Furthermore, we argue that the
noncollinear order is a result of the competition between
ferromagnetic coupling of neighboring Fe atoms and antifer-
romagnetic coupling of Fe atoms separated by Ru atoms.

II. EXPERIMENTAL DETAILS

Our studied films have the structure Ta(3.5)|Ru(3.5)]
Fepo—xRu,(d)|Ru(3.5), where the the numbers in parenthe-
ses indicate the layer thicknesses in nm, x is the atomic
concentration of Ru in Fe;go_Ru,, and d =20 or 100 nm
is the thickness of the FeRu layer. The Ta seed layer
is deposited to induce the (0001) growth orientation of
the bottom Ru layer, and the top Ru layer protects the
FeRu layer from oxidation. Throughout this paper, we
will refer to Ta(3.5)|Ru(3.5)|Fe;go_xRu,(d)|Ru(3.5) films as
Ta|Ru|Fejgo_xRu,(d)|Ru, as the thicknesses of the seed and
capping layers were kept the same for all samples.

The studied films were deposited at room temperature with
radio-frequency magnetron sputtering at an argon pressure
below 2 mTorr. The base pressure of the system was below
5 x 1078 Torr. (100) Si substrates were used for all studies
except for Mossbauer spectroscopy, which required Kapton
substrates to maximize the signal, and Lorentz transmission
electron microscopy (LTEM), which used SizN4 membranes.
Selected films were annealed at 400 °C for 1h to study the
thermal stability of the crystal structure. For further sample
preparation and deposition details, see Supplemental Material
I [23]. Supplemental Material II [23] is a comparison of films
grown on Si and Kapton substrates, confirming that the crystal
structure and magnetic properties are not impacted by the
choice of substrate.

Structural characterization of the deposited layers was car-
ried out by x-ray diffraction (XRD) using CuK, radiation.
Out-of-plane 6-26, in-plane 6-26, and rocking curve measure-
ments were performed. For the out-of-plane and in-plane 6-26
measurements, the angle between the incident x-ray beam and
the film surface, 0;, is the same as the angle between the
reflected x-ray beam and the film surface, 8,,i.e.,0; = 6, = 6.
For the rocking curve measurement, 6; + 6, is kept constant
and the sample is rocked by angle w so that 6; varies from
0 — w/2to 6 + w/2. The scattering wave vector is perpendic-
ular to the film surface for the out-of-plane 8-26 measurement
and varies around the perpendicular direction for the rocking
curve measurement. For the in-plane 6-20 measurement, how-
ever, the scattering wave vector is almost parallel to the film
surface, at an angle of 0.5°.

To further characterize the film microstructure,
bright-field and high-resolution transmission electron
microscopy (HRTEM) imaging were  performed

on Ta|Ru|Feigo_Ru,(20)JRu (x =13 and 17) and
Ta|Ru|Fe(100)|Ru films on an FEI image-Cs-corrected
Titan 80-300 microscope operated at an accelerating voltage
of 300kV. Scanning transmission electron microscopy
(STEM) coupled with spectrum imaging analysis based on
energy-dispersive x-ray spectroscopy (EDXS) was performed
at 200kV with an FEI Talos F200X microscope equipped
with a Super-X EDX detector system. The HRTEM images
were further examined by fast Fourier transform (FFT)
analysis to detect the spatial distribution of different lattice
structures. Prior to transmission electron microscopy analysis,
the specimen, mounted in a high-visibility low-background
holder, was placed into a Fischione Model 1020 Plasma
Cleaner for 10 s to remove possible organic contamination.

The ’Fe Mossbauer spectroscopy measurements were
carried out on Ta|Ru|Fe;p_,Ru,(100)|Ru (0 < x < 50),
Ta|Fe(100)|Ta, and Fe(100) films. For each film, one deposi-
tion was performed, sputtering on Kapton film for Mossbauer
measurements and on a 1 in. square Si substrate for magne-
tometry measurements. The Kapton film and the Si substrate
were both taped to an 8-in.-diameter Si substrate for de-
position. For conversion electron Mossbauer spectroscopy
(CEMS) measurements, ~50-mm-diameter Kapton film sam-
ples were used, and for transmission Mdssbauer spectroscopy
(TMS) measurements, stacks of fifteen 15-mm square Kapton
film samples were made. This is because TMS measurements
require thicker samples to obtain a useful signal-to-noise
ratio.
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FIG. 1. (a) Out-of-plane and (b) in-plane 6-20 measurements
of as-deposited Ta(3.5)|Ru(3.5)|Fe g0_.Ru,(100)|Ru(3.5) for x = 0,
13, 23, and 50. The inset plots in (a) represent the rocking curve
measurements of the Fe {110}, bcc {110}, and hep {002} reflections
and include the full width at half maximum. Dashed lines are placed
at the expected positions of diffraction peaks. Those labeled Fe and
Ru correspond to bee Fe and hep Ru, respectively, and those labeled
bee and hep correspond to bee Feg;Ru 3 and hep Fejgo— Ru, (x = 23
or 50), respectively. The Si {200} and {400} diffraction peaks in
(a) are from the Si substrate.

Madssbauer measurements were performed using a 1.8 GBq
S7CoRh source driven in constant acceleration mode and cal-
ibrated using a thin bcc Fe foil. Isomer shifts are quoted
relative to the centroid of the bcc Fe spectrum. Room-
temperature CEMS measurements were collected using a
conventional homemade detector. The ~50-mm-diameter
Kapton film sample is mounted inside the detector with a
flowing 90% He + 10% CH, gas mixture used to detect the
backscattered electrons. All films were measured at room tem-
perature, but the Ta|Ru|Fe;go—_,Ru,(100)|Ru (x = 18.5 and
19.5) films were also measured with TMS at 9.7 and 9.9 K,
respectively. Low temperatures were obtained by mounting
the stacked samples in a vibration-isolated closed-cycle he-
lium refrigerator. All films were measured at zero external
magnetic field, but Fe(100) and Ta|Ru|Fejgo—xRu,(100)|Ru
(x =0, 4, and 8) were also measured in a 0.166 T magnetic
field created by permanent magnets to remove magnetic do-
mains. The magnetic components of the spectra were fitted
using an assumed Gaussian distribution of hyperfine fields
with independent widths to the high and low sides of the
peak of the distribution. This form is needed to fit the clearly
asymmetric magnetic patterns observed. The paramagnetic

components were fitted variously as symmetric doublets with
a small, unresolved, quadrupole splitting; a Gaussian distri-
bution of quadrupole splittings; and, where the two lines in
the doublet are clearly of unequal intensity, two independent
lines.

The field dependence of the magnetization, M(H),
of Ta|Ru|Fejgo_xRu,(d)[Ru (d =20 and 100nm),
Ta|Fe(100)|Ta, and Fe(100) films was measured using
a vibrating sample magnetometer and superconducting
quantum interference device (SQUID) VSM in magnetic
fields of up to 7T and at temperatures of 295 and 5K.
Measurements were performed with the magnetic field
applied parallel as well as perpendicular to the film surface.

A wide-field magneto-optical Kerr microscope
was used to image magnetic domain structure in the
Ta|Ru|FeggRuy(100)|Ru  film. An external magnetic
field was applied parallel to the film plane and the
magnetic domain structure was observed, utilizing the
longitudinal magneto-optical Kerr effect (MOKE) with two
complementary sensitivity directions: along and transverse to
the applied field.

The magnetic domain morphology of Ta|Ru|Feq,
Rug(20)|Ru was imaged by Lorentz transmission electron mi-
croscopy, at room temperature using a JEOL NEOARM-200F
system operated at 200 keV beam energy in the Fresnel mode
with an underfocus of —1 mm. Magnetic fields up to 2 T were
applied along the electron beam direction, which is typically
perpendicular to the film plane. To apply an in-plane magnetic
field in addition to the out-of-plane magnetic field, the sample
must be tilted by a tilt angle 8 with respect to the film normal.
The sample for LTEM was prepared by magnetron sputter
deposition on a 30-nm-thick Si3;Ns membrane, and images
were acquired with a Gatan OneView camera.

II1. FILM MICROSTRUCTURE
A. X-ray diffraction

XRD measurements were performed on Ta|Ru|
Feipo_xRuy(d)|Ru films for d =20 and 100nm. The
out-of-plane and in-plane 6-20 measurements of as-deposited
Ta|Ru|Fejg0_xRu,(100)|Ru for x =0, 13, 23, and 50 in
Fig. 1 reveal that the Ru layers have hcp lattice structure,
while the lattice structure of Fejgo—,Ru, depends on the Ru
concentration, x. For x =23 and 50, Fego_,Ru, has hcp
lattice structure, and for x = 13, Fego—,Ru, has bcc lattice
structure with no hcp lattice structure visible at the precision
of our XRD measurements. We obtained this information by
comparing the positions of the measured diffraction peaks
with the expected positions of hcp and bee diffraction peaks
(represented by the dashed lines in Fig. 1) from previous
XRD data as well as our own. Previous XRD data on hcp Ru
and FesoRuso [24] were used to determine the positions of the
hep Ru lines, the hep FesgRusg lines [in Fig. 1(b) only], and
the hcp Fe77Rup; lines (by extrapolation). Our out-of-plane
and in-plane XRD data on bee Fe and FeggRuy (Fig. 3), which
will be discussed later, were used to determine the positions
of the bcc Fe line [in Fig. 1(a) only] and the bcc FegyRu;;
lines (by extrapolation).

From the out-of-plane 6-26 measurements in Fig. 1(a) for
x =0, 13 and 23, it is apparent that hcp Ru and Fe;;Rup;
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FIG. 2. In-plane  6-20  measurements of as-deposited
Ta(3.5)|Ru(3.5)|Fe g0 Ru,(20)|Ru(3.5) for x =13, 17, 20, and
23. Dashed lines are placed at the expected positions of diffraction
peaks. Those labeled Ru correspond to hep Ru, and those labeled bee
and hep correspond to bece Feg;Ruy3 and hep Fe7;Ru,s, respectively.

have a {002} texture and that bcc Fe and FegyRu;; have a
{110} texture. The diffraction pattern of hcp Fe;;Ru,; also
reveals a {101} diffraction peak with an intensity two orders
of magnitude smaller than the {002} diffraction peak. The
quality of the texture of the three films plotted in Fig. 1(a)
is determined by rocking curve measurements, which are dis-
played in the inset plots above the spectrum of each film. The
{110} reflection was measured for bcc Fe and Feg;Ru;3, while
the {002} reflection was measured for hcp Fes7Rujs. These
plots indicate that the full width at half maximum (FWHM) of
the rocking curve is 2.6 ° for the {110} reflection of Feg;Ru 3
and the {002} reflection of Fe;;Ruys, suggesting that our
FeRu films are highly textured. For Fe, the FWHM of the
rocking curve is 1.8° for the {110} reflection, indicating an
even stronger texture. Figure 1(a) also shows Si {400} and a
small trace of Si {200} reflections from the substrate. Si {200}
is forbidden and could be a result of multiple diffraction of x
rays in the crystal [25].

44.8
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[ e bcc Ruint lati [}
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FIG. 3. 20 value of the bcc {110} diffraction peak from in-
plane and out-of-plane 6-20 XRD measurements of as-deposited
Ta(3.5)|Ru(3.5)|Fe go_.Ru,(100)|Ru(3.5) (x = 0, 4, and 8). The cor-
responding lattice constants of the bcc structure are shown on the
secondary axis. The bcc Ru interpolation is a linear function using
the measured lattice constants of our Fe film and the lattice constant
of a hypothetical bcc unit cell of Ru atoms with radius 0.1359 nm
[30]. The FegsRuy extrapolation is a linear function using the mea-
sured lattice constants of our Fe and FeggRuy films. The size of the
markers corresponds to the size of the error bars.

by the direction of the incident beam direction, owing to
the random in-plane orientation of the grains. In contrast, if
the sample has a single crystal structure, the incident beam
must be precisely oriented with respect to the crystal lattice
to obtain the diffraction pattern for in-plane measurements.
Consequently, in-plane x-ray measurements allow one to dis-
tinguish between textured polycrystalline and single crystal
samples. The in-plane 0-260 measurements for x = 13, 23,
and 50 are presented in Fig. 1(b). These measurements show
that, for hcp Ru, hep Fes7Ru,3, and hep FesgRusg, we observe
reflections from the {100}, {110}, and {200} planes. For
each of these families of planes, the expected diffraction peak
positions for Ru, Fe77Ru,3, and FesgRusy are shown. For bce
Feg7Ru3, we observe reflections from the {110}, {002}, and
{112} planes. Figure 1(b) shows that, as the concentration of
Ru in Fejg9_,Ru, increases from 23 to 50 at. %, the {100},
{110}, and {200} hcp diffraction peaks shift to lower angles,
indicating an increase in the lattice parameters of the FeRu
layer. This is expected, because Fe and Ru form a solid solu-
tion in this composition range and Ru atoms are larger than
Fe atoms. As the concentration of Ru is decreased from 23 to
13 at. %, Fig. 1(b) indicates that Feo,_,Ru, transitions from
hep to bee. These observations are consistent with previous
structural FeRu studies [15,26,27].

In-plane 6-26 XRD measurements of 20-nm-thick FeRu
films, Ta|Ru|Fe gp_Ru,(20)|Ru, are presented in Fig. 2 for
x =13, 17, 20, and 23. The expected diffraction peak po-
sitions are calculated in the same way as those in Fig. 1
and are again represented by dashed lines. The expected po-
sitions for bcec Fejgpo— Ru, (x =13 and 17) are very close
together, as well as the positions for hcp Fejgo—Ru, (x = 17,
20, and 23). Consequently, in Fig. 2, we only included the
expected diffraction peak positions for bcc Feg;Ru 3 and hep
Fe77Rups. As expected, the lattice structure of the 20-nm-
thick films (Fig. 2) is the same as that of the 100 nm-thick
films [Fig. 1(b)]. For both thicknesses, only diffraction peaks
corresponding to bcc lattice structure can be detected for
Fes7Rui3, and only peaks corresponding to hcp lattice struc-
ture can be detected for Fe;7Ru,3. For the first intermediate
composition in Fig. 2, FegzRu;7, both bce and hep reflections
are visible, but for FeggRuy, only hcp reflections are clearly
visible.

We also explored the structural properties of
Ta|Ru|Fejgo—xRu,(20)|Ru (x = 13 and 20) after annealing
at 400 °C, the typical annealing temperature of the CMOS
fabrication process [28,29], for 1h. The Ru concentration
x = 13 was chosen because it is the highest Ru concentration
for which XRD detects only bcc and no hep reflections, and
x = 20 was chosen because it is the lowest Ru concentration
for which only hcp reflections are clearly detected. The
results, presented and discussed in detail in Supplemental
Material III [23], show that the crystal structure is unchanged
after annealing.
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FIG. 4. (a) Bright-field transmission electron microscopy (TEM), and (b) STEM-EDXS-based element distribution images of
Ta(3.5)|Ru(3.5)|Feg3;Ru;7(20)|Ru(3.5) with scale bar below, and (c) fast Fourier transform (FFT) patterns of hcp FeRu and Ru along the [110]
zone axis and bee FeRu along the [111] and [100] zone axes. Example high-resolution TEM images of Ta(3.5)|Ru(3.5)|Fe go_,Ru,(20)|Ru(3.5)
for (d) x = 17 and (e) x = 13 with scale bar in (d), including FFT patterns of various regions in the Ru and FeRu layers.

In the range from x = O to 8, additional in-plane and out-
of-plane 6-20 measurements were performed on as-deposited
Ta|Ru|Fejpo— Ru,(100)|Ru. Figure 3 shows the 26 value of
the bee Fe or FeRu {110} diffraction peak measured for these
films and the corresponding lattice constant as a function of
Ru concentration, x. Since Fe and Ru form a solid solution
in this composition range and Ru atoms are larger than Fe
atoms, an increase in Ru concentration leads to an increase in
lattice constant. By Bragg’s law, this translates to a decrease
in the angle 26 at which diffraction peaks are detected. As
mentioned above, this effect is also visible in Fig. 1(b) as the
Ru concentration increases from 23 to 50 at. %. Alongside
the experimental 26 and lattice constant values in Fig. 3 are
two linear functions, both of which assume that Feg_,Ru,
remains bce for 0 < x < 8. The bee Ru interpolation, repre-
sented by the solid green line, is a linear function constructed
from the following two points: the measured lattice constant
of our Fe film obtained from the average of the in-plane and
out-of-plane measurements (x = 0) and the lattice constant of
a hypothetical bce unit cell of Ru atoms with radius 0.1359 nm
[30] (x = 100). The FegsRuy extrapolation, represented by
the dashed yellow line, is a linear function constructed from
the average of the in-plane and out-of-plane measurements of
our Fe film (x = 0) and our FegsRuy film (x = 4). We used
these two points because the equilibrium phase diagram shows
that up to 4 at. % of Ru can be added to bcc Fe at elevated
temperatures before the hcp lattice structure begins to appear
[11]. The average of the measured lattice constants at x = 8
is larger than the lattice constant of both linear functions,
indicating that Ru atoms are substituting Fe atoms in the bcc
lattice up to at least 8 at. % of Ru in Fe. This is not unexpected,
as films deposited by sputtering are likely not in equilibrium.

Furthermore, the out-of-plane and in-plane measurements in
Fig. 3 yield similar results, indicating little difference in the
lattice spacing for the two directions and suggesting that there
is no distortion of the cubic structure.

B. Transmission electron microscopy

Cross-sectional TEM imaging was performed on
Ta|Ru|Fejgo—Ru,(20)|Ru for x = 13 and 17 to identify the
distribution of the becc and hep phases in FeRu. FegsRu; was
selected because it consists of a mixture of bce and hep FeRu,
and Feg;Ru 3 was selected because this alloy has the highest
Ru concentration for which hcp diffraction peaks are not
clearly detected in the XRD patterns, as evident from Fig. 2.

Figures 4(a) and 4(b) show a representative bright-field
TEM image and the corresponding element distributions
obtained by EDXS-based spectrum imaging analysis for
Ta|Ru|FegzRu;7(20)|Ru, respectively. The EDXS measure-
ments confirm that the distribution of Fe and Ru in the FeRu
film is homogeneous within measurement uncertainty. This
suggests that the coexistence of the bcc and hep phases in the
FeRu films is not due to variation of the composition.

HRTEM images presented in Figs. 4(d) and 4(e) for
Ta|Ru|FegzRu;7(20)|Ru and Ta|Ru|Feg;Ru;3(20)|Ru, respec-
tively, are further analyzed by FFT analysis. The FFT patterns
are placed on the HRTEM images at the locations at which
they are calculated. Representative FFT patterns of hcp Ru
and FeRu in [110] zone axis geometry and bce FeRu in [111]
and [100] zone axis geometry are displayed separately in
Fig. 4(c). In both films, the FFT patterns of Ru clearly show
that Ru has hcp lattice structure, which is in agreement with
the XRD measurements. FFT analysis also reveals that both
FeRu films consist of grains that have entirely hcp and entirely
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bece crystal structure; furthermore, each film has indications of
individual grains showing both phases. Since hcp diffraction
peaks were not detectable in the XRD patterns of Feg;Ru,3,
it is evident that TEM analysis is more precise than XRD in
detecting the presence of small amounts of a secondary phase.

We also performed cross-sectional TEM on
Ta|Ru|Fe(100)|Ru to analyze the diffusion of Ru into
the pure Fe film. The bright-field TEM and superimposed
EDXS-based element distribution maps for a representative
section of the sample are shown in Supplemental Material IV
[23]. Quantifying the EDXS signal from the whole Fe layer,
a Ru content of 0.1 at. % was determined. This could either
be due to the diffusion of Ru into the Fe layer during the
sputtering process or the introduction of Ru into the Fe layer
during the TEM lamella preparation process. The bright-field
TEM images in Fig. 4(a) and in Supplemental Material IV
[23] show that the average grain diameter of our films is
below 20 nm.

IV. MAGNETIC PROPERTIES

A. Mossbauer spectroscopy

Mossbauer measurements were used to  study
Ta|Ru|Fejgo—Ru,(100)|Ru films, with TMS performed
on samples with x =0, 4, and 8 at room temperature and
CEMS performed on samples with x = 13, 18.5, 19.5, 23,
and 50 at room temperature. Furthermore, CEMS was
performed on Ta|Fe(100)|Ta, and CEMS and TMS were both
performed on a single Fe(100) layer, all at room temperature.
Additional TMS measurements of the single Fe(100) layer
and of the Ta|Ru|Fe;po—Ru,(100)|Ru samples with x = 0, 4,
and 8 were performed in the presence of a 0.166 T in-plane
magnetic field, and TMS measurements of the samples
with x = 18.5 and 19.5 were performed at 9.7 and 9.9K,
respectively.

For all measured films, the Mossbauer spectra were fitted
to determine the isomer shift (IS), quadrupole splitting (QS),
and hyperfine magnetic field (Byr). Films with a cubic lattice
structure have a QS of zero, and paramagnetic components
of Mossbauer spectra have a Byp of zero. The angle between
the gamma ray (perpendicular to the film plane) and the
average magnetization of the film, ®y5, was determined by
comparing the peak intensities of the second and fifth lines
with the other lines in the spectra. The intensities of the
second and fifth lines depend only on the angle between the
gamma ray (perpendicular to the film plane) and hyperfine
field and are not affected by the in-plane orientation of the
hyperfine field or the sign of the component of the hyper-
fine field along the gamma ray (parallel and antiparallel are
equivalent). As a result, Mossbauer measurements yield the
same angle if the out-of-plane magnetization components of
the film are all pointing in the same direction as the gamma
ray, all pointing in the opposite direction of the gamma ray,
or any combination of the two. In contrast, vibrating sample
magnetometry measurements with the external magnetic field
applied perpendicular to the film normal treat these cases dif-
ferently. In VSM measurements, the projections onto the field
direction of all the magnetization components are summed,
taking into account that projections in the same direction as
the external magnetic field are positive and projections in the

TABLE I. Isomer shift (IS), quadrupole splitting (QS), hyperfine
magnetic field (Byg), angle between average magnetization and film
normal (®Pys), and percentage of paramagnetic phase (PM) were
extracted from Mossbauer spectroscopy measurements of the films
in the left column. Films marked with § signify that the full structure
is Ta(3.5)|Ru(3.5)|Fe oo_,Ru,(100)|Ru(3.5). Rows marked with *
indicate that the sample was measured via transmission Mdssbauer
spectroscopy, and rows without * were measured via conversion elec-
tron Mossbauer spectroscopy. Unless specified, each measurement
was performed at room temperature and zero external magnetic field.

(mm/s)  (mm/s) (T) (deg) (%)
§FesoRusy  —0.047(2) 0.219(3) 100
§FerRuy;  —0.074(1) 0.188(2) 100
§FegosRujos  —0.07(1)  0.14(2) 100
SFesosRuos™ 004402y 0.31(1) 100
(at 9.9K)
SFeq Rus 0.028(1) 3020)400) g
—0.072(1) 0.171(3)
§Feq sRujss*  0.19(1) 3236)352) 451
(at 9.7K) —0.045(2) 0.30(1)
SFeuRuss 0.037(4) 22D 4Dy,
—037(2) 0.79(4)
§Feo,Rug* 0.027(3) 31.5(1)  44(1) 3.0(5)
(iff)ﬁ%g% 0.032(3) 312(3)  47(1) 3.005)
§FeoRu,* 0.019(3) 31.91)  51(1) 2.5(7)
(ifg?ﬁlfég‘% 0.018(5) 3293)  55(1)  2(1)
§Fe* 0.000(4) 32.833) 68(2) O
@ gﬁfﬂ) 0.003(5) 32614) 672) 0
Ta|Fe|Ta 0.007(1) 33392) 73(1) 0
Fe —0.003(1) 33.42(1) 80(1) O
Fe* —0.002(1) 33.13(1) 82(1) 0
Fe*
@ot66m 00011 3238(1) 852) O

opposite direction are negative (see Sec. IV B). For each film,
we determined the percentage of paramagnetic phase (PM) by
dividing the area under the central peak, which is the paramag-
netic component of the spectrum, by the area under the entire
spectrum. The five above-described parameters extracted from
Mossbauer measurements—IS, QS, Byg, ®Pyvs, and PM—are
tabulated in Table I for all films measured by Mossbauer
spectroscopy.

Table I shows that Ta|Ru|Fego—yRu,(100)|Ru is fully
paramagnetic for x > 19.5, as indicated by PM being 100 %
and Byr being absent. This can be visualized in the CEMS
measurements in Fig. 5, which show one central peak for
x =19.5, 23, and 50. When compared with the XRD mea-
surements, it follows that hcp FeRu is paramagnetic at room
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FIG. 5. (a) Conversion electron Mossbauer spectroscopy
(CEMS) measurements at room temperature of Ta(3.5)|Ru(3.5)|
Fe 0o_xRu,(100)|Ru(3.5) for x = 13, 23, and 50 and (b) CEMS
measurements at room temperature and transmission Mossbauer
spectroscopy (TMS) measurements at low temperature of
Ta(3.5)|Ru(3.5)|Fe o_Ru,(100)|Ru(3.5) for x = 18.5 and 19.5.
All measurements are performed at zero external magnetic field.

temperature. When the Ru concentration decreases from 19.5
to 18.5 at. %, Byr appears and the percentage of paramagnetic
phase in the film drops from 100 to 61 %. The mixture of the
paramagnetic and magnetic phase in Feg; sRu;g 5 can also be
seen in the CEMS measurements in Fig. 5(b). At this con-
centration, Byp is 30.2 & 0.1 T, which is already about 90 %
of the hyperfine field known for pure Fe, 33T [31]. As the
Ru concentration in Feyy_,Ru, decreases further from 18.5
to 13 at. %, Byr increases to 32.2 £ 0.1 T and only 4 % of the
film is paramagnetic. The small percentage of paramagnetic
phase remaining in the film is indicated by the small central
peak in the CEMS measurements of Feg;Ru;; in Fig. 5(a).
Though the presence of the hcp phase in Feg;Ruj; was not
detected by XRD, it was detected by the more precise method,
TEM, confirming that the paramagnetic contribution observed
by Mossbauer spectroscopy is due to the hcp FeRu phase.
Mossbauer spectroscopy also shows that films for which the
magnetic phase is detected, i.e., Fejg— Ru, with x < 18.5,
have an average magnetization that is tilted out of the film
plane. The average magnetization angle from the film normal,
dys, does not change significantly until the Ru concentration
is less than 8 at. %. For Feg; sRu;g5, CEMS measurements
give Opys =40+ 2° from the film normal. For FegsRuys,
CEMS measurements yield ®ys = 45 £ 1°, and for Feg;Rusg,
TMS measurements give ®yg = 44 £+ 1°.

When Feg; sRu;gs is cooled to 9.7K, Byr of the mag-
netic phase increases from 30.2 + 0.1 to 32.3 0.6 T, but the
percentages of the paramagnetic and magnetic phases remain
practically the same [see Table I and Fig. 5(b)]. Additionally,
Table I and Fig. 5(b) show that Fegg sRu 9 5 remains fully para-
magnetic when cooled to 9.9 K, indicating that Fe go—,Ru, is
paramagnetic above 9.9K for x > 19.5.

The TMS measurements of Ta|Ru|Fe;gy_,Ru,(100)|Ru for
x =4 and 8 in Fig. 6(a) show that these films have only a
trace of the paramagnetic phase, which disappears for x = 0.
This is confirmed by the percentage of paramagnetic phase
tabulated in Table I. Comparing these results with the XRD

(a) " | T T T ‘\ \‘ ‘\““ " (b)

| §F992RU3 i

Signal

8 -4 0 4 8
Velocity (mm/s)

Velocity (mm/s)

FIG. 6. (a) Transmission Mossbauer spectroscopy (TMS) mea-
surements of Ta(3.5)|Ru(3.5)|Fejpo_ Ru,(100)|Ru(3.5) for x =0,
4, and 8 and (b) conversion electron Mdssbauer spectroscopy
(CEMS) measurements of Fe(100) (no surrounding layers) and
Ta(3.5)|Fe(100)|Ta(3.5). All measurements are performed at room
temperature and zero external magnetic field.

measurements, we can confirm that bcc Fe and FeRu are
magnetic. Since the magnetic phase has cubic structure (bcc),
quadrupole splitting is zero for x < 8. Table I shows that the
hyperfine field increases as x decreases from 8 to 0 at. % of
Ru in Fe and reaches approximately 33 T, the hyperfine field
previously measured for pure Fe [31]. In the same Ru con-
centration range, the average magnetization direction moves
towards the plane, as seen in Table I. For x = 8, TMS mea-
surements give an angle of &y =44+ 1° from the film
normal. For x = 4, ®ys increases to 51 &= 1°, and for x = 0,
®ps increases further to 68 4= 2 ° from the film normal. This
result for Ta|Ru|Fe(100)|Ru is very unexpected. Due to the
relatively small magnetocrystalline anisotropy of bcc Fe as
compared to the large in-plane shape anisotropy of the studied
Fe films, the magnetization is expected to lie in the plane.
The large shape anisotropy arises from the large M, of the
studied Fe films. One possible explanation of the out-of-plane
magnetization components measured in Ta|Ru|Fe(100)|Ru is
the presence of a very small amount of Ru in the Fe film.
Quantification of the STEM-EDXS analysis of this film (Sup-
plemental Material IV [23]) indicates that the Fe layer may
contain up to 0.1 at. % of Ru.

To eliminate any contribution from Ru in the Fe film,
CEMS was performed on a 100-nm-thick Fe film surrounded
only by 3.5nm-thick Ta, and CEMS and TMS were both
performed on a single 100-nm-thick Fe layer. The parameters
of these three measurements are presented in Table I, and the
CEMS measurements of both films are displayed in Fig. 6(b).
The hyperfine fields for both films are approximately 33 T,
in agreement with the hyperfine field known for Fe [31].
However, the average magnetization direction as compared to
that of Ta|Ru|Fe|Ru moves closer to the plane for Ta|Fe|Ta
(®pms = 73 £ 1 ° from the normal), and closer still for the sin-
gle Fe layer (Pps = 80 £ 1° from CEMS and 82 + 1 ° from
TMS). Since domain walls have out-of-plane magnetization
components that could be responsible for these observations,
an in-plane magnetic field of 0.166 T was applied to the single
Fe layer to expel all domains and TMS was again performed.
As a result of the application of the magnetic field, ®ps of
the single Fe layer only increased to 85 4+ 2° from the film
normal, showing that the presence of domain walls
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FIG. 7. M(H) measurements with magnetic field applied parallel to the film surface over (a) the full measured field range and (b) a
zoomed-in field range to highlight the hysteresis loops of as-deposited Fe(100), §Fe;po—,Ru,(100) for x = 4 and 8, and §Fe;¢—.Ru,(20) for
x =17,10, 13, 15, 17, 18.5, and 19.5, where § signifies that the full structure is Ta(3.5)|Ru(3.5)|Fe 00_.Ru,(d)|Ru(3.5). M, M,, and M, /M;
from the M (H ) measurements in (a) and (b) are plotted at (c) 295 and (d) 5 K. M (H ) measurements with magnetic field applied perpendicular
to the film surface of as-deposited Fe(100) and §Fe,o_.Ru,(20) for x = 7, 13, 17, and 19.5 at (e) 295 and (f) 5 K. The dashed lines in (e)
represent the calculated demagnetizing fields for Fe(100) and §Fe;q0—Ru,(20) (7 < x < 17) films.

only changes the average magnetization direction by
a few degrees. For confirmation, we also measured
Ta|Ru|Feig9_xRu,(100)|Ru for x = 0, 4, and 8 with TMS in
the presence of the 0.166 T in-plane magnetic field and, as
with the single Fe layer, the removal of magnetic domains
only changed &5 by a few degrees.

B. Vibrating sample magnetometry

VSM  measurements were used to determine the
magnetization of Ta|Ru|Fe;gp_Ru,(d)|Ru (0 < x < 19.5),
Ta|Fe(100)|Ta, and Fe(100) films as a function of an external
magnetic field applied either parallel or perpendicular to the
film surface and at a temperature of 5 or 295 K. From the
measurements, we obtained the saturation magnetization, M,
and the remanent magnetization along the field direction,
M,. The remanent-to-saturation magnetization ratio, M, /M,
allows us to infer information about the magnetic structure
of the Fego_yRu, films. Additionally, for selected structures,
we found the external magnetic field above which the
magnetization is reversible, H..,. Above this field, domains
are expelled from the film and do not contribute to the M (H)
measurements.

Figures 7(a) and 7(b) show the M(H) measurements at
295K of Fe(100), Ta|Ru|Fe;gy_Ru,(100)|Ru for x = 4 and
8, and Ta|Ru|Fe gp_Ru,(20)|Ru for x =7, 10, 13, 15, 17,
18.5, and 19.5, with the magnetic field applied parallel to the
film surface (referred to as in plane). M,, M, and the M, /M,
ratio for each film are plotted as a function of Ru concentration
in Figs. 7(c) and 7(d) at 295 and 5 K, respectively.

It can be seen in Fig. 7(c) that M, decreases with Ru con-
centration from 1711 kA /m for the single Fe layer to 61 kA /m
for FegypsRujgs at room temperature. M; decreases slowly

over the 0 < x < 10 composition range of Fejgp_,Ru, and
sharply for 13 < x < 19.5. On the other hand, M, sharply
decreases with x up to 8 at. % and decreases at a lower rate
for larger x; the M, /M ratio follows the same trend as M,.

The M; measurements at SK in Fig. 7(d) are slightly
higher than those at 295K for all plotted Ru concentrations,
as expected for ferromagnetic materials [32]. Figure 7(d) also
shows that if the ambient temperature is decreased from 295 K
to 5 K, M, stays practically the same for the single Fe layer but
increases for all FeRu alloys. Consequently, the M, /M; ratio
also increases. The increase is most significant for the films
with the highest Ru concentrations.

From Figs. 7(a) and 7(b), it is evident that the field re-
quired to saturate the FeRu alloys is much higher than that
required to saturate the pure Fe film. Large saturation fields
are observed even for very low concentrations of Ru in
Fe. To highlight the approach to saturation, Fig. 8(a) shows
the normalized M (H) curves for H > 0 of Fe(100) and of
Ta|Ru|Feig9_xRu,(100)|Ru for x =0, 4, and 8. Even for
Ta|Ru|Fe(100)|Ru, the field required to saturate the magne-
tization is significantly larger than that required for the single
Fe layer with no surrounding layers. This could be due to
Ru diffusing into the Fe layer, which is suggested by the
TEM-based analysis in Supplemental Material IV [23].

Marked on each M(H) curve in Fig. 8(a) with a cyan
diamond is the point at which the magnetization becomes
reversible with the magnetic field, M(H..,), meaning that
all the magnetic domains have been expelled from the film.
Magneto-optical microscopy measurements in Sec. IV C con-
firm that there are no domains for H > H,.,. These points are
also indicated in Fig. 8(b), which shows the M (H) loops of the
same films in Fig. 8(a). As the Ru concentration in the film
increases, the field required to expel the domains increases;
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FIG. 8. (a) M(H)/M, and (b) M(H) measurements with mag-
netic field applied parallel to the film surface of as-deposited Fe(100)
and of Ta(3.5)|Ru(3.5)|Fe;go_Ru,(100)|Ru(3.5) for x =0, 4, and
8, where the § in the legend signifies that the layer is grown on
top of Ta]Ru and capped with Ru. The magnified inset plot in
(a) highlights the variation in saturation field. The magnetic field
ranges in (b) are chosen to highlight the hysteresis loops of the
samples. Cyan diamonds are placed at the lowest field for which
the hysteresis loop is reversible, indicating the removal of magnetic
domains.

however, in each case, the domains are expelled in fields lower
than 0.13 T.

Figure 7(e) shows the M (H ) measurements of as-deposited
Fe(100) and Ta|Ru|Fejg9_,Ru,(20)|Ru for x = 7, 13, 17, and
19.5 at 295K, with the magnetic field applied perpendicu-
lar to the film plane (referred to as perpendicular-to-plane).
Fe and all the FeRu alloys have an M, /M, of nearly zero,
indicating that the net projection of magnetic moments
along the field direction is nearly zero when the field is
removed.

The field required to saturate the magnetization of the
single Fe layer perpendicular to the film plane is slightly larger
than the shape anisotropy or demagnetizing field, puoM; =
2.15T, which is represented by the rightmost dashed line
(purple) in Fig. 7(e). In addition to shape anisotropy, Fe films
have a much smaller magnetocrystalline anisotropy, which is
oriented along the (100) directions. The magnetocrystalline
anisotropy field contributes to the field required to saturate
the sample. When 7 to 17 at. % of Ru is added to the Fe film,
the saturation fields for the perpendicular-to-plane measure-
ments increase to above 6 T, which is several times larger
than the demagnetizing fields of the films [represented by the
additional dashed lines in Fig. 7(e)]. The perpendicular-
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FIG. 9. MOKE microscopy image of the Ta|Ru|Feq
Ruy(100)|Ru  film surface with (a) 14.3mT and (b) 30mT
applied parallel to the film surface. Small domains that are elongated
along the film direction are visible at 14.3 mT, and no domains are
visible at 30 mT. (c) M(H) loop of Ta|Ru|FegsRuy(100)|Ru, which
is also plotted in Fig. 8(b). Dashed lines are placed at the field values
that correspond with (a) and (b).

to-plane  M(H) measurements performed at 5K, pre-
sented in Fig. 7(f), are very similar to those performed
at 295 K.

C. Magneto-optical Kerr effect microscopy

MOKE microscopy measurements were performed on
Ta|Ru|FegsRus(100)|Ru to observe how the domain struc-
ture of the film evolves in an in-plane applied magnetic
field. Initially, a magnetic field of —1.1T was applied in
the film plane, saturating the magnetic moments along the
field direction. The field was subsequently removed and
then swept up to 1.1 T while the domain structure was ob-
served. Figure 9(a) presents the MOKE microscopy image of
Ta|Ru|FegsRus(100)|Ru at an applied field of 14.3 mT. For
reference, the M (H ) loop of the film, Fig. 9(c), is placed below
the image. At 14.3mT, the coercive field of the film, small
domains textured along the field direction were observed.
When the magnetic field reached 30 mT, the domains were
entirely expelled, as can be seen in Fig. 9(b). This field coin-
cides with the point marked by a diamond in Fig. 8 at which
the M(H) loop of the FegsRus sample becomes reversible.
Therefore, the reversible parts of our M(H) loops are not
affected by domains. The texture of the domains follows the
direction of the applied magnetic field, suggesting that the film
is isotropic within the plane, i.e., there is no preferred mag-
netic anisotropy direction in the plane. The observed pattern
is neither purely stripe nor ripple domain structure, but rather
a domain structure typical of polycrystalline magnetic films
with magnetocrystalline anisotropy that is averaged out of the
film plane.
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D. Lorentz transmission electron microscopy

The  magnetization  reversal  process of a
Ta|Ru|Feg;Rug(20)|Ru film was investigated in more detail
by LTEM, which is able to probe the in-plane magnetization
orientation at the nanoscale. The sample was tilted by a tilt
angle 6 with respect to the film normal, and a magnetic field
of H,p was applied, yielding an in-plane magnetic field
of Hip = Hyppisiné and an out-of-plane magnetic field of
Hoop = Happl cosf.

Prior to acquiring images, the sample was tilted by —40°
with respect to the film normal in an applied magnetic field
of about 2T to align the in-plane magnetization of the sam-
ple toward the negative direction. Subsequently, Hyy, was
reduced to zero to bring the in-plane magnetization to the
negative remanence point. Images were then acquired at room
temperature with the sample tilted at & = 440 °, beginning at
the negative remanence point and increasing Hypp) in steps up
to 2'T. It is important to point out that, by tilting the sample
by +40°, the LTEM contrast is more enhanced than that of
the zero tilt case (images not shown), which is consistent
with the average magnetization angle measured by Mossbauer
spectroscopy of 44 £ 1 ° from the film normal in the absence
of an external magnetic field.

Figure 10(a) shows the magnetic domain structure at zero
magnetic field, revealing that the size of the magnetic features
in Feg;Rug is similar to the grain diameter of our films (de-
termined by the bright-field TEM images in Fig. 4(a) and
Supplemental Material IV [23]). By increasing the applied
magnetic field Hypp from zero to 144 mT (i.e., Hpp = 92.6 mT
and Hoop = 110.3 mT), individual switching events can be
seen [Figs. 10(a)-10(d)]. The switching events are more clear
in the corresponding contrast difference images presented in
Figs. 10(e) and 10(f). The small reversed areas are most
likely noncollinear spin clusters arising from the compet-
ing ferromagnetic and antiferromagnetic interactions between
the magnetic Fe atoms, as will be discussed in Sec. V B.
Switching events in the film can also be observed in the
video provided in Supplemental Material V [23], in which the
sample is tilted at & = 20° and Hypp is increased from 96 to
112 mT.

At higher magnetic fields, up to Hp =2T, only a
few individual switching events were observed (images not
shown). Furthermore, the overall LTEM contrast is reduced,
implying that the magnetization is predominantly oriented
along the applied magnetic field direction. This is consis-
tent with Fig. 8(b), which shows that the magnetization of
Ta|Ru|Feg;Rug(20)|Ru is reversible at in-plane fields above
130 mT.

V. DISCUSSION

A. Experimental results

The structural measurements, XRD and TEM, show that
the studied films are polycrystalline with grains that are ran-
domly oriented in the plane of the film. The grains with
bce crystal structure are textured along the growth direction,
(110), and the grains with hcp crystal structure are textured
along the (001) directions. For Ta|Ru|Fe gy Ru,|Ru films,
Fejgo—xRu, rocking curve measurements show that the full

=98.1mT

oopP

H,=82.3mT,H

FIG. 10. (a)-(d) Lorentz transmission electron microscopy
images taken at the same location on a Ta(3.5)|Ru(3.5)|
Feg,Rug(20)|Ru(3.5) film as the applied magnetic field is increased.
The in-plane and out-of-plane applied magnetic field values are
below the images. (e), (f) Contrast difference images showing all
the switching events that occurred due to the field increase written
below the image. The scale bar at the bottom applies to all images.
All images are taken at room temperature with a defocus of —1 mm
and a tilt angle of +40°.

width at half maximum is 2.6° or below for films grown
on Si and 6.1° or below for films grown on Kapton (see
Supplemental Material IT [23]).

The XRD and TEM measurements indicate that room-
temperature Fejgo—,Ru, transitions from bcc to hep crystal
structure as x increases from ~13 at. % to ~20 at. %. Our
Mossbauer spectroscopy measurements show no magnetic or-
der in Fejgo_Ru, films with x > 19.5, while films with x <
13 are at least 96 % magnetic. Combining these measurements
with the structural measurements suggests that hcp FeRu is
paramagnetic and bcc FeRu is magnetic. From the TEM
measurements, we also observed that the Feg;Ru;z and
FegsRuy7 films consist of grains having entirely hcp or entirely
bece lattice structure; furthermore, each film has indications
of individual grains showing both phases. STEM-EDXS
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analysis of the Ta|Ru|Fe;gy—.Ru,|Ru structure reveals a uni-
form distribution of Ru throughout the FeRu films.

XRD measurements show that the lattice expansion with
the addition of Ru to Fe is linear for up to 8 at. % of Ru in
Fe, indicating that Ru atoms substitute Fe atoms in the bcc
crystal lattice. Out-of-plane and in-plane XRD measurements
of Fejgo_Ru, for 0 < x < 8 indicate no difference in the
lattice spacing for the in-plane and out-of-plane directions,
suggesting that the cubic structure is not distorted by the
addition of Ru.

MOKE microscopy measurements show that magnetic do-
mains are entirely expelled in the reversible part of the M (H )
loop. The field at which the M (H) loop becomes reversible,
H,.,, increases from 0.0037 T for the single Fe layer to 0.13 T
for Ta|Ru|Feg,Rug|Ru. The MOKE measurements also show
that the domain pattern present in our films is neither stripe
nor ripple. Comparing the MOKE microscopy measurements
of FeggRus and LTEM measurements of FeqyRug reveals that
increasing the Ru concentration in bcc FeRu decreases the
size of the magnetic domains, making it comparable to the
grain diameter.

In the absence of an external magnetic field,
the angle of the average magnetization with respect
to the film normal measured by Maossbauer spec-
troscopy, Pys, of Ta|Ru|Fejpo_ Ru,|Ru increases from
40+2° for x=18.5, to 51+1° for x=4, and to
68 £2° for x =0. For a single layer of Fe with no
surrounding layers, ®ps increases to 82 + 1 °. Since domain
walls can have out-of-plane magnetization components,
dys was also measured in the presence of a 0.166T
external magnetic field to expel all magnetic domains in
the film. With the field applied, ®ys increased slightly to
55+ 1° for x =4 and to 85+ 2° for the single Fe layer.
Therefore, magnetization in domain walls does not contribute
significantly to the out-of-plane magnetization component.
A discussion of the small out-of-plane component observed
in the single Fe layer is presented in Supplemental Material
VI [23].

The room-temperature M(H) measurements of the
Fe go—xRu, films with the magnetic field applied parallel to
the film plane show that M initially decreases slowly with
x up to 10 at. %, which is predominantly due to Ru atoms
substituting Fe atoms in the host bcc lattice. The decrease
in M, agrees with the small decrease in the hyperfine field
measured by Mossbauer spectroscopy over this composition
range. For 13 < x < 19.5, M, sharply decreases to 0, which
is mainly due to magnetic bcc FeRu transforming into para-
magnetic hcp FeRu. This is corroborated by our Mossbauer
measurements in this composition range, which show a large
increase in the percentage of paramagnetic phase in the film
(from 4% to 100 %) and only a small change in the hy-
perfine field. On the other hand, the remanent-to-saturation
magnetization ratio, M, /M;, sharply decreases with x up to
8 at. % and decreases at a lower rate for larger x, indicating
that the magnetic moments at zero field deviate more from
the field direction for larger Ru concentrations. This trend
correlates with the increase in the out-of-plane magnetiza-
tion component observed by Mossbauer spectroscopy, i.e., the
decrease in the angle ®ys with respect to the film normal.
The M, /M; measurements of the Fego_,Ru, films at 5K are

similar to those at room temperature except for x > 17, for
which M, /M, increases due to the increase in the magnetic
order of the structure.

The M (H) measurements of the Fey_,Ru, films with the
field applied perpendicular to the plane have a very small mag-
netization along the film normal at zero field for all measured
compositions. Combining these results with the out-of-plane
magnetization detected by Mossbauer spectroscopy, we con-
clude that Fejgo—,Ru, films with x < 18.5 have out-of-plane
magnetization components pointing both up and down along
the film normal that almost fully cancel each other out. This
is expected, as the demagnetizing field in the film is reduced
when the net magnetization along the film normal is zero.

When a very large magnetic field is applied in the plane
of a film, the magnetic moments lie along the field direction,
producing a net magnetization of M, in the field direction.
As the field is reduced to zero, the magnetic moments may
deviate from the field direction, resulting in a remanent mag-
netization along the field direction of M, < M,. Therefore,
the ratio M, /M, provides information on the distribution of
magnetic moments in the film in the absence of an exter-
nal magnetic field. Supplemental Material VII [23] provides
magnetic moment distributions and calculations of M, /M,
for ferromagnetic films after a large in-plane magnetic field
is removed. The films considered there have noninteracting
magnetic grains with easy axes randomly oriented in all direc-
tions. If the demagnetizing field or in-plane shape anisotropy
of the film is neglected, M, /M, is calculated to be 0.5. If the
film has a demagnetizing field that is much larger than the
magnetocrystalline anisotropy field of the magnetic grains,
all the magnetic moments lie in the plane at zero field and
M, /M, increases to 0.64. In cases where there is a strong direct
exchange interaction between the grains, as in our Fego_,Ru,
films, the magnetic moments are pulled toward each other,
significantly increasing M, /M;. This is corroborated by our
single Fe layer, for which M, /M, of the in-plane M (H) mea-
surements is 0.94. On the contrary, M, /M, < 0.4 for our films
with x > 8, suggesting that our magnetic FeRu films are not
ferromagnetic (i.e., the magnetic interactions do not cause the
magnetic moments of Fe atoms to align with each other).

The field required to saturate the magnetic moments of
ferromagnetic materials along the direction of the external
field, the saturation field, can be calculated as 2K; /M, where
K, is the first anisotropy constant and M; is the saturation
magnetization of the ferromagnetic material [32]. Here, we
assume K, = K3 = 0 and neglect the demagnetizing fields.
For pure Fe, K; = 48kJ/m> [32], resulting in a saturation
field of 0.056 T. Since the magnetic phase of FeRu has a cubic
crystal structure (bcc) and no structural distortion is observed
for Fejgo—yRu, films with x < 8, K is small, resulting in a
relatively small saturation field. The observed saturation fields
in our FeRu films are two orders of magnitude larger than that
of Fe, again suggesting that our films are not ferromagnetic.

Furthermore, our samples have a large M;, exceeding
1.5 MA/m for Fepo— Ru, with x < 8, which induces a large
in-plane shape anisotropy in our films. Due to the small mag-
netocrystalline anisotropy of the magnetic phase of FeRu, it
is expected that the shape anisotropy will force the magne-
tization of the film to lie in the film plane. On the contrary,
from Mossbauer measurements, the average magnetization is
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aligned at an angle between 39° and 50° out of the film
plane (i.e., ®ygs between 51° and 40°) for x > 4 at room
temperature. Even in the presence of an external magnetic
field large enough to expel all domains, the average magneti-
zation was at an angle of at least 35 ° out of the film plane for
x > 4. This clearly shows that magnetization in domain walls
is not responsible for the observed out-of-plane magnetization
component. Thus, the out-of-plane magnetization component
is another indication that our films do not have ferromagnetic
alignment.

The low M, /M;, high saturation field, and presence of
an out-of-plane magnetization component observed in our
magnetic FeRu films can be explained by noncollinear align-
ment between magnetic Fe atoms within the films. This
noncollinear alignment, combined with the sub-20nm grain
microstructure of our films, gives rise to the nanogranular
magnetic domain structure observed by LTEM.

B. Atomistic model

The recently developed atomistic model [33] was suc-
cessfully used to simulate the magnetic coupling of Co
layers across FeRu layers. In the model, the crystal struc-
ture is simplified to simple cubic with a lattice constant of
a = 0.25 nm. Neighboring Fe atoms couple ferromagnetically
due to the direct exchange interaction, while two Fe atoms
separated by one or more Ru atoms couple antiferromag-
netically due to the indirect Ruderman-Kittel-Kasuya-Yosida
(RKKY) exchange interaction. The model only includes ferro-
magnetic and antiferromagnetic couplings between pairs of Fe
atoms along the three principal axes of the simple cubic unit
cell. Further details about the atomistic model can be found in
Refs. [33,34].

We used the atomistic model to simulate Fejgo_.Ru,
films for 0 < x < 10, using a saturation magnetization of
M; = 1700kA/m to obtain the dipole moment of the Fe
atoms and an exchange stiffness of A,x = 21 pJ/m to obtain
the Heisenberg exchange constant between the Fe atoms. The
antiferromagnetic coupling strengths of Fe across one, two,
and three Ru atoms are —3.13 x 10721, —1.14 x 1072, and
—4.43 x 10722 J, respectively. To account for the large shape
anisotropy in our Fejgo—,Ru, films, we introduced a demag-
netizing field, with the easy-plane shape anisotropy being
Kohape = — oM 3 /2. Figure 11(a) shows the magnetic moment
distribution in the FegoRu ¢ film after a large magnetic field is
applied along the x axis, parallel to the film plane, and then
reduced to zero. The complex configuration is caused by the
competition between the ferromagnetic and antiferromagnetic
couplings between the Fe atoms. The vast majority of mag-
netic moments have a positive projection along the magnetic
field direction after the field is removed, and for this reason,
the color of the magnetic moments with a negative projection
is kept the same in Fig. 11(a).

From the magnetic moment distribution of the FeggRujq
film, we calculated the average projection of the normalized
magnetic moments on the x axis (the field direction), the
y axis, and the z axis (the film normal) as a function of
the external magnetic field, as shown in Fig. 11(b). Since
the magnetic field is applied along the x axis, the magnetic
moments preferentially point in the positive x direction, as

0.4 L 21 Fe
B 0.8 __ O FeggRU1 o Fe92RuS

O Fegs3Ruy

02%e—eee , & o o FegsRus A Feg1Rug
L [ = FegsRug O FegpRu1g
00 | IR TR N BRI S R Rt 07 | IR TR T T R N Rt
0O 2 4 6 8 10 0O 2 4 6 8 10
Field, LoH (T) Field, LoH (T)

FIG. 11. (a) Simulated magnetic moment distribution of an
FegoRuy film after magnetic field along x axis is removed. (b) For
the same film, average projection of normalized magnetic moments
along x axis (field direction) and average absolute value projections
along y axis and z axis (film normal) as a function of applied mag-
netic field. (c) Simulated normalized in-plane M (H ) dependence of
Fe go_Ru, films (0 <x < ]O)

expected; in fact, m, > 0.8 for all fields greater than or equal
to 0.1 T. However, the magnetic moments have no analogous
preferential direction along the y axis or z axis, causing the
average projection on these two axes to be zero. For this
reason, we have plotted the average of the absolute value of
the normalized magnetic moment projections along the y and z
directions, |m_)| and |m,|, respectively. Figures 11(a) and 11(b)
both show that there is a substantial magnetization component
in the z direction, perpendicular to the film plane. This can
explain the out-of-plane magnetization component observed
by Mossbauer spectroscopy.

In Fig. 11(c), the average projection of the normalized
magnetic moments along the field direction, i, is plotted
as a function of external magnetic field for 100-nm-thick
Fejpo—xRu, films in the concentration range 0 < x < 10.
These curves correspond with our normalized M (H) curves
measured by VSM. Figure 11(c) shows a decreasing trend in
M, /M, with increasing Ru concentration in Fe that agrees with
our measurements in Figs. 7 and 8. Additionally, Fig. 11(c)
shows that a large field is required to fully saturate the films, as
shown in Fig. 8(a). However, the simulated decrease in M, /M
is much slower than the experimental decrease in M, /M, and
the saturation fields are much larger.

VI. CONCLUSION

In summary, we have studied the structural and mag-
netic properties of sputter-deposited Fejgo— Ru, films by
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means of x-ray diffraction (XRD), transmission electron mi-
croscopy (TEM), Mossbauer spectroscopy, vibrating sample
magnetometry (VSM), magneto-optical Kerr effect (MOKE)
microscopy, and Lorentz transmission electron microscopy
(LTEM). All studied films are polycrystalline and exhibit
texture along the growth direction. The crystal structure of
the Fejgo— Ru, films is predominantly bcc for x < 13 and
undergoes a gradual transition to hcp in the concentration
range 13 < x < 20. Within this transitional range, the films
consist of grains that have fully bec, fully hep, and a mixture
of bee and hep lattice structure.

While Fe has ferromagnetic order, the addition of Ru in-
troduces a noncollinear magnetic alignment within bcc FeRu.
The noncollinear alignment is attributed to the competition
between ferromagnetic and antiferromagnetic coupling in the
film: ferromagnetic coupling between neighboring Fe atoms
and antiferromagnetic coupling between Fe atoms separated
by Ru atoms. On the other hand, hcp FeRu was found to be
paramagnetic at room temperature and when cooled to 9.9 K.

Thin-film FeRu was recently shown to mediate a large non-
collinear interlayer coupling between two hcp ferromagnetic
layers for Ru concentrations from 20 to 38 at. % [18]. Here we
show that, for the FeRu composition range of interest for non-
collinear coupling, FeRu maintains hcp crystal structure. This

is important for the epitaxial growth of these noncollinearly
coupled trilayer structures.

Magnetic multilayer structures used for applications, in-
cluding magnetic sensors and magnetic solid state memory,
make extensive use of both Fe and Ru layers. Here we
showed that the presence of a small amount of Ru in Fe
can induce noncollinear magnetic alignment between Fe
atoms, which can strongly affect the performance of these
devices.
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