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Interlayer exchange coupling has been intensively studied for over 30 years and has been success-
fully incorporated into almost all magnetic thin-film devices. In this study we find that antiferromagnetic
interlayer exchange coupling can be achieved across, and improved by, spacer layers containing over 60
at.% of magnetic material. Measurements of sputtered Fe-doped spacer layers with x-ray magnetic circu-
lar dichroism reveal that the magnetic atoms in such spacer layers retain a large magnetic moment. The
addition of magnetic atoms to the spacer layer is shown to double the coupling strength, leading to the
largest-ever-observed antiferromagnetic bilinear coupling strength in magnetic multilayers deposited by
magnetron sputtering, which is the industrial technique of choice. Electronic structure calculations in this
work predict an experimentally obtained dependence of interlayer exchange coupling on both the mag-
netic material concentration and the spacer-layer thickness, in contrast with the prevailing understanding

of interlayer exchange coupling.

DO 10.1103/PhysRevApplied.22.024058

I. INTRODUCTION

Interlayer exchange coupling in metallic multilayers
between two ferromagnetic layers across a nonmagnetic
spacer layer has been of great interest for fundamental
studies and applications. It was discovered in 1986 [1]
and found to oscillate between antiferromagnetic and fer-
romagnetic as a function of the nonmagnetic spacer-layer
thickness, d [2—4]. The coupling was observed across the
majority of 3d, 4d, and 5d nonmagnetic metallic spacer
layers [5]. Interlayer exchange coupling is widely used in
spintronic devices to achieve antiferromagnetic coupling
between magnetic layers [6]. The advantages of antifer-
romagnetically coupled magnetic layers, so-called syn-
thetic antiferromagnets, over single ferromagnetic layers
are that they have smaller stray magnetic fields and are
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more difficult to reverse with external magnetic fields and
spin-polarized currents [7-9].

In metallic FM|NM|FM transition metal multilayers,
where FM is a ferromagnetic layer and NM is a nonmag-
netic layer, antiferromagnetic coupling is achieved across
nonmagnetic layers only a few atomic layers thick. Thus,
the presence of ferromagnetic atoms in NM is hard to
avoid due to the difficulty of controlling layer-by-layer
deposition. For both fundamental studies and applications,
ferromagnetic layers consisting of Co, Co-Fe, and Co-Fe-B
coupled across a Ru spacer layer are of particular interest
[10]. It has been shown in NMR measurements [11,12]
that deposited Co|Ru|Co film structures have interdiffu-
sion between Co and Ru at the Co|Ru interfaces. In the
sputtering process, which is the industrial technique of
choice for the deposition of magnetic thin films, the high
energy of the deposited atoms and neutrals can further
accentuate the mixing at the interfaces of these multilayers
[11,13,14]. If the enthalpy of formation between the ferro-
magnetic and nonmagnetic materials is negative, this can
also increase mixing at the interfaces. Moreover, magnetic
thin-film structures used for devices undergo annealing
processes, which can lead to even further intermixing at the
interfaces in metallic multilayers [15,16]. For this reason,
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understanding how the presence of ferromagnetic atoms in
the spacer layer affects the coupling between ferromagnetic
layers is crucial.

To date, there have only been a few studies of anti-
ferromagnetic interlayer exchange coupling across non-
magnetic spacer layers in which ferromagnetic elements
are added to the spacer layers in a controlled manner
[17,18]. In these studies, Cu noble metal spacer layers
were alloyed with ferromagnetic elements. Cu was cho-
sen because detailed theoretical predictions on the oscil-
lation period of coupling across the noble metals Cu,
Ag, and Au have been made [19,20]. Alloying was per-
formed to alter the valence electron concentration in the
spacer layer while maintaining its nonmagnetic nature,
thereby affecting the oscillation period. On the other
hand, several recent studies have explored noncollinear
interlayer exchange coupling that is between ferromag-
netic layers and across spacer layers composed of non-
magnetic transition metals alloyed with ferromagnetic
elements [21-23].

Here we present a systematic study of the antiferro-
magnetic coupling of magnetic Co layers across a RuY
transition metal spacer layer, where ¥ = Co or Fe. RuY
spacer layers are good candidates for this study because
Co and Fe both form solid solutions with Ru over a large
composition range [24]. Additionally, Co|Ru|Co is useful
for applications since it has one of the largest reported
antiferromagnetic couplings [5].

We will begin by presenting the experimentally mea-
sured coupling parameters of Co|RuY|Co structures,
exploring various thicknesses and compositions of the
RuY spacer layer. Subsequently, we will provide coupling
phase diagrams, illustrating the range within which anti-
ferromagnetic coupling can be achieved in Co|RuY|Co.
Following this, we will present x-ray magnetic circular
dichroism (XMCD) measurements of Co|RuFe|Co, con-
ducted to measure the magnetic moment of Fe atoms in
the spacer layer. Electronic structure calculations will then
be discussed, aiming to explain the observed experimental
results. Finally, a brief discussion of our findings will be
offered.

II. METHODS

A. Experimental details

The studied structures, Ta(3.5)|Ru(3.5)|Co(2)| Rujgo_x
Y:(d)|Co(2)|Ru(3.5) multilayers (0.4 < d < 1.6 nm) and
Rujgo_, Y+ (18) single films where Y= Co or Fe, are
deposited with radiofrequency magnetron sputtering on
Si substrates and SizN4 membrane sample chips at room
temperature and an argon pressure below 2 mTorr. The
numbers in the parentheses represent the layer thicknesses
in nanometers. The Ta seed layer is deposited to induce the
(0001) growth orientations of the Ru, Co, and Rujgo_, Yy

layers, and the top Ru film is used to protect the Co layers
from oxidation.

Prior to deposition, Si substrates are cleaned with iso-
propyl alcohol, followed by the standard RCA SC-1 pro-
cess, which uses NH;OH and then H,O, at 343 £3 K,
to remove particles and organic contaminants. After the
cleaning, the Si substrates are rinsed with DI water. Clean
substrates and membrane sample chips are first placed in a
load lock chamber, which is evacuated to about 5 x 10~/
Torr, and then transferred, without breaking the vacuum,
to a process chamber with a base pressure below 5 x 1078
Torr for deposition. The films are deposited from four
elemental 2 in. diameter targets of Ta, Ru, Co, and Fe.
The target-to-substrate distance is approximately 8 in. The
substrate holder rotates during deposition to ensure thick-
ness and composition uniformity of the deposited films
across the substrate surface. The entire sputter process is
computer controlled.

A calibration of the growth rates is inferred from fit-
ting x-ray reflectivity measurements of single layers of
each material or of Ru(2)|X|Ru(2) multilayers (X =
Ta, Co, RuCo, or RuFe) with X’PERT reflectivity software
from Panalytical. Large angle x-ray diffraction measure-
ments show that the multilayer structures have strong tex-
ture along the (0001) crystallographic orientations with a
c-axis full-width-at-half-maximum distribution under 4.8°.
The single Rujgo_, Y(18) films have hcp crystal structure
and weak texture along the (0001) crystal directions.

The field dependence of the magnetization, M (H),
is measured using a superconducting quantum interfer-
ence device (SQUID) and vibrating sample magnetometer
(VSM) in magnetic fields of up to 7 T and at a temperature
of 298 K. RuY(18) films are also measured using a SQUID
at 10 K.

X-ray magnetic circular dichroism (XMCD) and x-ray
absorption spectroscopy (XAS) are measured in total elec-
tron yield mode. The sample total drain current signal is
normalized by the /j signal of a gold grid. An XMCD end
station is used, utilizing a superconducting cryogen-free
7-T magnet system, which allows superfast magnetic field
ramping rates of up to 1.5 T/s. XMCD measurements are
performed at room temperature and in a field above 3 T
to ensure that both Co layers are aligned parallel to the
external field. All data is corrected for the finite degree
of circular polarization. In the regions without XMCD
effect, i.e., before and after the edges neglecting mag-
netic extended x-ray absorption fine-structure (EXAFS)
phenomena, offsets are corrected by a single factor, as
discussed previously [25]. For the determination of the
magnetic moments of Fe, sum rules are applied [26,27],
using the number of holes provided for the pure element Fe
[28]. Effective electron escape phenomena are estimated
by a separate effective electron escape length determined
for each phase, i.e., Rujgo_ Fe, (x =25 and 51) and Co,
separately [29,30].
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FIG. 1.
structures.

Schematic representation of calculated Co(2)|Ru(d)

B. Computational details

Electronic structure calculations of Cojgo_, Yy (Y = Co
or Fe) systems were done with the Vienna ab initio sim-
ulation package (VASP) software (version 6.2.1). VASP
is a plane-wave basis-set implementation [31,32] of the
density-functional theory within the projector augmented-
wave (PAW) approximation [33]. Calculations were per-
formed using the generalized gradient approximation of
Perdew, Burke, and Ernzerhof (PBE) [34] to the exchange-
correlation part of the energy functional. We made use
of the PAW PBE potentials version 5.4 with 15, 14, and
14 valence electrons for Co, Ru, and Fe, respectively.
The size of the plane-wave basis set was determined by
an energy cutoff ENCUT = 439.857 eV, which is 50%
larger than the default one. The reciprocal space was
sampled with a uniform k-point mesh [35] with a sepa-
ration between k-points KSPACING = 0.1 A~!. For the
total energy summation, we used the Methfessel-Paxton
method [36], with ISMEAR = 1 and the width of smear-
ing SIGMA = 0.025 eV. The electronic convergence was
set to EDIFG = 1077 eV, and geometry optimization was
performed until the norms of all of the Hellman-Feynman
forces [37] became less than 1073 eV/A. Equilibrium
structure parameters were obtained by performing a set
of geometry optimization (ion positions and cell shape) at
volumes within a 5% range about equilibrium and fitting
the energy vs volume data, £ = E(V), to the Rose-Vinet
equation of state [38]. Co(2)|Ru(d) multilayers were mod-
eled as periodic supercells of the Acp unit cell, with the ¢
axis oriented along the x direction. A supercell comprises
two Co layers of about 2 nm (ten Co monolayers) each,
separated by a few monolayers of Ru, as shown in Fig. 1.

We estimated the bilinear antiferromagnetic coupling
strength J; by performing collinear spin-polarized cal-
culations of ferromagnetically and antiferromagnetically
coupled Co layers. J; is proportional to the energy differ-
ence of these two spin configurations, and we calculated it

as

_ Earv — Erm

J] = >
28

(1

where Eapy and Epy are the energies of the AFM and
FM configurations in zero external magnetic field nor-
malized to the number of magnetic ions, and S is the
in-plane area of the unit cell. To study the effect on J;
when substituting Ru atoms with ¥ = Co or Fe atoms
in Co(2.0)|Rujgo_yY:(0.4), we considered a 12 x 2 x 2
supercell with x = 0,12.5,25.0,37.5,50.0. We also uti-
lized a larger 12 x 3 x 3 supercell, and the results are
presented within the Supplemental Material [39]. To study
the dependence of J; on the thickness of spacer layer, d,
in Co(2.0)|Ru(d) and Co(2.0)|Ru;5Co05(d), we consid-
ered (10 + Ngy) x 2 x 2 supercells, where N, = 2,3,4,5
is the number of Ru atomic layers corresponding to spacer-
layer thicknesses d = 0.4, 0.6, 0.8, and 1.0 nm, respec-
tively.

C. Coupling model

We used a one-dimensional single-layer micromagnetic
model proposed by Eyrich et al. [40], and expanded to
include J, by Nunn et al. [21], to fit the field depen-
dence of the magnetization, M (H), of Co|Rujgo—,Yy|Co
and obtain J;. The model assumes that the magnetization
of Co|Rujgo—, ¥y |Co is entirely due to the ferromagnetic Co
layers.

The model is limited to the experimentally relevant
situation in which the external magnetic field is applied
parallel to the surface of the films, the ferromagnetic layers
have no directional in-plane magnetic anisotropy, and the
magnetic moments lie in the plane during magnetization
reversal. Additionally, it is presumed that the saturation
magnetization, My, and exchange stiffness, 4¢x, do not vary
across the ferromagnetic layers.

In our multilayers, the uniaxial magnetocrystalline
anisotropy field of the Co layers is along the (0001)
directions, perpendicular to the Co film plane. The demag-
netizing dipolar field in Co films is much larger than
the uniaxial magnetocrystalline anisotropy field, forcing
the magnetization to lie in the plane of the film. Due to
the polycrystalline nature of the studied samples, the in-
plane magnetocrystalline anisotropy is averaged. In this
case, the anisotropy and demagnetization energies can
be neglected in calculating the total magnetic energy. In
Eyrich’s model, the total magnetic energy is written as
the sum of the Zeeman, exchange interaction, and inter-
layer exchange coupling energies of the ferromagnetic Co
layers. The interlayer exchange coupling energy at zero
applied magnetic field is written as [21]

Ecoupling = J1 €08(8) + J> cos’(0), (2)
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FIG. 2. Normalized magnetization as a function of magnetic
field measurements, M (H), of Co(2)|RugyCo,(0.45)|Co(2)
and Co(2)|Rujgo_ Fe,(0.45)|Co(2) where A = 17 pJ/m, M, =
1350 kA/m, and x = 23, 36, and 49. Solid lines represent simu-
lations of M (H) data using the model proposed by Eyrich et al.
[40] Magnetic moments of Co films are antiferromagnetic at zero
field and ferromagnetic at fields for which M /M, = 1. Normal-
ized residuals (residuals divided by the standard deviation) are
plotted above.

where J; and J, are the bilinear and biquadratic coupling
strengths, respectively, and 6 is the zero-field coupling
angle between the magnetic moments of the ferromagnetic
layers [41]. J; accounts for the strength of antiferromag-
netic coupling (0 = 180°) if J; > 0 and ferromagnetic
coupling (8 = 0°) if J; < 0. J, is always positive in our
structures and accounts for the strength of orthogonal
coupling (8 = 90°). The emphasis of this work is on anti-
ferromagnetic coupling, which occurs when J; > 2J, and
6 = 180°. Examples of experimental data with fits using
the above model can be found in Fig. 2.

II1. RESULTS AND DISCUSSION

A. Antiferromagnetic coupling parameters

Figures 3(a) and 3(b) shows J; and J, of Co(2)|Rujgo—y
Co,(d)|Co(2) as a function of d and x. The inter-
layer exchange coupling of the Co layers across Ru in
Co|Ru(d)|Co is antiferromagnetic for 0.35 < d < 1.0 nm.
Ji of Co|Ru(d)|Co oscillates and its maxima decrease as
1/d?, in agreement with previous reports [3,42]. This 1/d?
dependence is represented by the gray line in Fig. 3(a).
The interface reflection model proposed by Stiles [43] and
Bruno [44] was employed by Mckinnon et al. [45] to fit

the dependence of J; on Ru spacer layer thickness for
Co|Ru(d)|Co films.

The addition of Co to the Ru spacer layer damps the
oscillations of J; while lowering the magnitude of the J;
maxima as seen in Fig. 3(a). For x larger than about 37,
the oscillations are barely present and .J; initially increases
with d and then closely follows the 1/d* dependence rep-
resented by the gray line. It is worthwhile to note that, for
Co concentrations of approximately 20 at.%, the magni-
tude of J; is almost constant for 0.6 < d < 1.0 nm. This
is attractive for the fabrication of thin-film devices, as the
thickness of the spacer layer does not need to be precisely
controlled.

J, of Co|RuCo|Co, on the other hand, is smaller than
approximately 0.1 mJ/m? for x < 20 [Fig. 3(b)]. For x >
37, J, increases with decreasing d and eventually becomes
large enough to produce noncollinear coupling. This non-
collinear coupling data is not included here for J, and is
further discussed in our previous work [23].

Figures 3(c) and 3(d) show J; and J; of Co(2)|Rujgo_x
Fe,.(d)|Co(2) as a function of d and x. The first maxi-
mum of J;, which occurs at d = 0.4 nm, increases with
the addition of Fe to the Ru spacer layer until the
atomic concentration reaches x = 49. The M (H) curves
of Co(2)|Ruygo—,Fe,(0.45)|Co(2) for x = 23 to 49, which
show a rapid increase of the saturation field with x, are
presented in Fig. 2 in Part C of the Sec. II. At x = 49, the
maximum of J;, J; = 6.9 + 0.3 mJ/m?, is twice as large
as it is for the pure Ru spacer layer. This is the largest anti-
ferromagnetic interlayer exchange coupling strength ever
observed in metallic multilayers deposited by sputtering.

Previously, the highest experimentally obtained J; value
for Co|Ru|Co multilayers, deposited via sputtering, was
5 mJ/m? at 300 K [3]. Additionally, there is one report
of an even larger value of J; =34 mJ/m? observed
in Co|Rh|Co multilayers obtained using e-beam depo-
sition onto a substrate held at room temperature [14].
As previously mentioned, the sputtering process involves
high-energy deposition of atoms and neutrals, leading
to enhanced mixing at the interfaces of multilayered
thin films. This makes achieving layer-by-layer deposi-
tion challenging. In contrast, Co|Rh|Co multilayers were
deposited using the e-beam technique, which deposits
atoms at much lower energy than sputter deposition, mini-
mizing interface mixing in the deposited multilayers. This
could explain the much larger coupling achieved using
this deposition technique. The largest J; value obtained
in Co|Rh|Co multilayers using sputter deposition was
1.6 mJ/m? [3].

The oscillation of J; persists with the addition of up
to 70 at.% of Fe in Ru, with practically the same oscilla-
tion period as in Co|Ru|Co. For x < 49, J, of Co|RuFe|Co
peaks between 0.45 and 0.5 nm and remains below approx-
imately 0.35 mJ/m? [Fig. 3(d)]. For x > 62, J, increases
with decreasing d and eventually becomes large enough to
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are drawn to guide the eye. Measurements are performed at 298 K.

produce noncollinear coupling [46]. The observed J, val-
ues for coupling across RuFe are several times larger than
those for coupling across RuCo.

B. Coupling phase diagrams

The coupling in Co|Ru(d)|Co oscillates and rapidly
decreases in strength with increasing d [47]. The first
antiferromagnetic coupling region occurs over a wide d
range, 0.35 < d < 1.0 nm. This is the only antiferromag-
netic region of interest for applications, primarily due to
its large coupling strength. The coupling phase diagrams
in Figs. 4(a) and 4(b) show how this region, which is the
focus of this study, evolves with the addition of Co and
Fe, respectively. These regions are shaded to be easily
identified.

Antiferromagnetic coupling between Co layers in
Co|Ruygg_xCo,(d)|Co can be achieved for x < 60
[Fig. 4(a)]. As the concentration of Co in the Ru spacer
layer increases, the first antiferromagnetic region shifts
to higher d values. The breadth of the region remains
unchanged for x between 0 and 40 and is reduced for
x > 50.

The saturation magnetization, M;, of 18-nm-thick
Rujgo_Co, films is measured at room temperature and at
10 K as a function of x [Fig. 4(a)]. At room temperature,
the M of Rujg_,Co, films is zero for x between 0 and

55 and sharply increases for x larger than 60. At the same
concentration for which M; of RuCo(18) begins to increase
sharply (x = 60), the coupling of Co|RuCo|Co ceases to be
antiferromagnetic. The sharp increase in M; is associated
with the onset of ferromagnetism in the RuCo alloy, which
is responsible for the loss of antiferromagnetic coupling
in Co|RuCo|Co [23]. The M; measurements at 10 K show
that Rujg9_Co, spacer layers have a Curie temperature
between 10 and 298 K for 44 < x < 60. This suggests that
antiferromagnetic coupling can be achieved across para-
magnetic spacer layers that at low temperatures exhibit a
ferromagnetic-to-paramagnetic transition.

Antiferromagnetic coupling in Co|Rujgy_,Fe;|Co can
be achieved over a wider x range, x < 74, as shown in
Fig. 4(b). As the concentration of Fe in the Ru spacer
layer increases, the lower d bound of the first antiferro-
magnetic region remains the same until x = 50 and then
increases with x. The breadth of the region increases with
x for x < 23, stays constant for x between 23 and 50, and
decreases with further increase of x.

The saturation magnetization measurements of 18-nm-
thick Rujgo_.Fe, films as a function of x are also included
in Fig. 4(b). The M, dependence on x of the RuFe films is
the same at both 10 K and room temperature. M; is zero
for x < 74 and sharply increases for x > 77. The increase
in M, coincides with the loss of antiferromagnetic coupling
in CO|RU,1()0_XFCX|CO.
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FIG. 4. Coupling phase diagram showing the first antiferro-
magnetic coupling region of (a) Co|Ru;gy—_,Co,(d)|Co and (b)
Co|Rujgo_Fe,(d)|Co as a function of spacer-layer thickness, d,
and ferromagnetic element concentration, x, at 298 K. M| of
18-nm-thick single Rujgo_, Yy layer as a function of x over the
same x range is also included for 10 and 298 K.

C. X-ray magnetic circular dichroism (XMCD)

X-ray absorption spectroscopy (XAS) measurements
yield element-specific information by probing a sample
with photons at energies that correspond to the electronic
energy levels of a certain atomic species. Combined with
the x-ray magnetic circular dichroism (XMCD) effect,
the magnetic properties of certain atomic species can
be probed individually. Using XMCD sum rules [28], it
is possible to obtain quantitative information about the
orbital and spin contributions of the magnetic moment per
atom of a certain element.

This method is used in order to study the magnetic
properties of Fe added to the Ru spacer layer in a
Ta|Ru|Co(5)|RuysFe,s(d)|Co(2.5)|Ru film with d = 0.4,
0.6 and 0.8 nm. The data, presented in Fig. 5, shows the
raw XAS spectra, normalized to the beam intensity that is
monitored by an Au-coated Cu grid. Depicted are the Fe
L, 3 edges with the magnetic field applied parallel (solid
line) and antiparallel (dotted line) to the vector of circular
polarization. The spectra for each spacer-layer thickness,
d, is shifted along the y axis to allow for better comparison.

It is evident that the overall signal decreases for thinner
spacer layers, due to the reduced total amount of Fe in the
samples. While an XMCD effect is clearly visible at the L;
edge (difference between solid line, field applied parallel,

edges of Co(5)|RuysFeys(d)|Co(2.5) samples. The inset shows
the respective edge-normalized XMCD signal around the Lj
peak.

and dotted line, field applied anti-parallel), it seems to van-
ish at the L, edge, indicating an increased orbital magnetic
moment with respect to bulk Fe [27].

The edge-normalized XMCD spectra around the L3 peak
shown in the inset of Fig. 5 reveal that the averaged mag-
netic moment per Fe atom increases for thinner spacer
layers. From the edge-normalized spectra, the magnetic
moment per Fe atom is calculated according to the Fe L, 3
edge sum rules. The results are shown in Table I, includ-
ing the orbital contribution m, the spin contribution s,
and the total magnetic moment . The values for myy
decrease from 1.26445 to 0.87 g with increasing d from 0.4
to 0.8 nm, while the orbital contribution does not change
significantly.

The 0.4-nm spacer layer is only two atomic layers thick,
meaning that every Fe atom in the RuFe spacer layer
is expected to be in direct contact with Co atoms from
the surrounding magnetic layers. This polarizes the Fe
atoms in the spacer layer, giving them a large magnetic
moment. At 0.6 nm (three atomic layers) and 0.8 nm (four

TABLE I. XMCD sum-rule results for orbital, m, spin, ms,
and total magnetic moment, m, of the Fe L3 edge in
Co(5)|RuysFess(d)|Co(2.5) samples.

d [nm] m mg Mot
0.4 0.13 1.13 1.26
0.6 0.16 0.95 1.11
0.8 0.16 0.71 0.87
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atomic layers), not all Fe atoms have to be in direct con-
tact with Co atoms and the total magnetic moment per Fe
atom decreases monotonically. This indicates that not all
Fe atoms have the same moment but instead that the Fe
atoms in direct contact with the surrounding Co layers are
strongly polarized, while the Fe atoms not in direct contact
with the Co layers are less polarized. It is also clear that
this polarization is not a pure interface effect as, if it were,
the magnetic moment per Fe atom would be halved when
doubling the spacer-layer thickness, which is not the case.

D. Calculations and comparisons to experiment

The experimental results in Fig. 3 show that J; in
Co|Ru(d)|Co structures oscillates as the spacer-layer
thickness, d, increases. These oscillations persist with the
addition of Fe to the spacer layer but are damped with the
addition of Co, following a 1/d? dependence. Furthermore,
in structures where d = 0.4 nm (two atomic layers thick),
J1 strongly increases with the addition of Fe to a maximum
of 6.9 £ 0.3 mJ/m?. Contrarily, the addition of Co causes
J1 to decrease monotonically until antiferromagnetic cou-
pling can no longer be achieved. To explain the differences
caused by the presence of these two magnetic materials in
the Ru spacer layer, electronic structure calculations using
the Vienna ab initio simulation package (VASP) software
are presented alongside experimental results in Figs. 6
and 7.

Calculations of J; in Co|Ruygo_, Yy (d)|Co structures are
dependent on the distribution of Y atoms in the spacer
layer. For this reason, the atomic structures used in the cal-
culations for d = 0.4 nm are depicted alongside the results
in the figures. Additional atomic structures for larger val-
ues of d, also utilized in the presented calculations, are
included within the Supplemental Material [39].

In Fig. 6(a), the experimental J; dependence on spacer-
layer thickness, d, for Co|Ru(d)|Co structures is compared
to two calculations. The first calculation, structure A,
assumes atomically sharp Co|Ru interfaces without Co-Ru
intermixing. The second calculation, structure B, assumes
that the Co|Ru interface layers contain the same amount
of Co and Ru atoms. Calculations show that for both
A and B structures, J; oscillates with a dependence on
d, even changing sign at d = 0.6 nm and d = 1.05 nm
for atomically sharp interfaces, structure 4. However, the
intermixing of Co and Ru at the interface, in structure B,
damps the oscillations, resulting in the positive values of J;
for all calculated d values. Thus, comparing experimental
results to the calculations could indicate some intermixing
at the Co|Ru interfaces in the sputter-deposited samples.

In Fig. 6(b), experimental results for the Co|Rug;
Cos37(d)|Co structure are compared to calculations
obtained assuming two different Co|Ru75Co,5(d)|Co struc-
tures, labeled C and D. In structure C, at least one atomic
layer of the Ru;5Coys spacer layer is composed of only

-5 RuExpt)@)| , 8 cbg8
- —e— Ru (Calc. A) 8,808
g —a— Ru (Calc. B) & 8
- £
\E/ 1 1 0 & (%3 6 8
- 58,048
= 5 = s B+
. V ' ' ® Co ©Ru
1/d2 (b) c 0 8 C 8 a
(\/lé\ 3t —B— Rug3Cos7 (Expt.) 8 8 C 8 8
5 2 —e— Ruy5Co2s (Calc. C) 8 6 8
£ 3 RursCons (Cale.D) | D o é p 4 8
=l ¢
3 ©® Co ©Ru
r e ,0,86
6 —=— RuysFeys (Expt.)(c) E & & 6 ] P
&E‘ 4 —e— RuysFeys (Calc. E) é 8
}é ° \ —&— Ru7sFess (Calc. F) & 8 & P 8
£ F&, 608
= \A/i"’:x_"_i v 8
ot © CoORu®Fe

0.4 0.6 0.8 1.0 1.2
Spacer Thickness d (nm)

FIG. 6. J; as a function of spacer-layer thickness, d
of (a) Co|Ru(d)|Co, (b) Co|Rujgo_rCoy(d)|Co, and (c)
Co|Ru;go_<Fe, (d)|Co. Two broad red and blue lines with 1/d>
dependence are added to (b) for comparison. Structures used in
calculations are provided to the right of the plot for d = 0.4 nm.

Ru atoms with the remaining Co atoms grouping around
the interfaces. In structure D, Co atoms are uniformly dis-
tributed throughout the Ru;5Co,s spacer layer. Adding Co
to the Ru spacer layer effectively increases the Ru-Co inter-
mixing. As a result, for both calculated structures, the J;
oscillations are completely damped. Additionally, both cal-
culations follow a 1/d? dependence, the same as observed
in the experimental data for Co|Rujgo—_xCoy|Co with
x > 37 and in the range of the RuCo spacer-layer thickness
for which the coupling is antiferromagnetic [Fig. 4(a)].

In Fig. 6(c), the dependence of J; on the spacer-layer
thickness, d, is explored in Co|Rujgo_Fe,|Co structures
by comparing the experimental results when x = 23 to the
calculated atomic structures, £ and F, where x = 25. The
structures £ and F are the same as the structures C and
D but with the Co atoms in the spacer layer substituted
for Fe atoms. Both calculations exhibit oscillations in J;
consistent with experimental results. Additionally, there is
agreement between the experimental data and calculations
obtained from structure £ from d = 0.4 nm to 0.8 nm. At
d = 1.0 nm, the calculation deviates from the experimental
data. In our calculations, only a few generic distributions of
Fe atoms in the spacer layer are tested for d = 1.0 nm out
of the many combinations that could occur, which could
explain the observed discrepancy.
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FIG. 7. The dependence of experimentally determined and

calculated values of J; on atomic concentration, x, for ¥ = Fe
and Co, in Co|Rujg9_, ¥y (0.4)|Co. The experimental J; values for
Co|Ruygo—xCox(0.4)|Co (x > 37) are taken from Nunn et al. [23].
Selected structures used for the calculations are depicted on the
right of the plot and labeled J (Co|Ru|Co), K (Co|Rus¢Fes|Co),
and L (Co|RusyCosp|Co). The magnetic moments of Co, Fe, and
Ru atoms are shown below in the case of antiferromagnetic align-
ment of the Co layers for structures J, K, and L (labeled AFM)
and the case of ferromagnetic alignment of the Co layers for three
possible magnetic alignments of Fe in the structure K (labeled
FM).

The results presented in Fig. 6 demonstrate that the elec-
tronic structure calculations can predict the dependence of
J1 on the spacer-layer thickness in Co|Ruygo—, Yy |Co.

In the studied magnetic multilayer structures with only
two atomic layer thick spacer layers (Co|Rujgg_y Yx(0.4)
|Co), the magnitude of J; strongly depends on the con-
centration of the magnetic element Y in the spacer layer.
This is shown in Fig. 7(a) where experimental values and
calculations of J; are compared for atomic concentrations
of x < 50. For Co|Rujg9_Co,(0.4)|Co structures with x >
37, the coupling between Co layers is noncollinear and, as
such, J; values are taken from Nunn et al. [23]. Atomic
structures J, K, and L used for calculations are depicted
alongside the results in Fig. 7(a). The structures assume
atomically sharp Co|Ru interfaces without Co-Ru inter-
mixing. The structures K and L are similar to structure
J, with one, two, three, or four atoms of Ru in the spacer
layer substituted with either Co or Fe atoms to achieve the
composition of Rujgg_, Y, withx = 12.5, 25, 37.5, or 50.

J1 is calculated from the difference between the energies
in the case of antiferromagnetic, AFM, and ferromagnetic,
FM, magnetization alignments of the Co layers in the stud-
ied multilayers. For both the AF and FM magnetization
alignments the magnetic moments of Ru and Y atoms in
the spacer layer and Co atoms in the surrounding Co lay-
ers are plotted against layer thickness in Figs. 7(b) and 7(c).
In the case of antiferromagnetic alignment of Co layers in
Co|Rujgp_y ¥5(0.4)|Co, the magnetic moments of both Co
and Fe atoms in the Rujgo_.Y; spacer layer align ferro-
magnetically to the neighboring Co layer, as depicted in
Fig. 7(b).

In contrast, in the case of ferromagnetic alignment of
Co layers in Co|Ruygg_,¥;(0.4)|Co, the calculations sug-
gest that the magnetic moments of Co and Fe atoms in
the Rujgo_, Yy spacer layer may exhibit different mag-
netic alignments. In Co|Rujgg_,Coy (0.4)|Co structures, the
magnetic moments of Co atoms in the RuCo spacer layer
align ferromagnetically to the neighboring Co layers. In
contrast, in Co|Rujgo_.Fe,(0.4)|Co structures, the mag-
netic moments of Fe atoms in the RuFe spacer layer
can assume three different magnetic configurations with
similar energy. These three configurations are illustrated
in Fig. 7(c), where the magnetic moments of Fe in the
spacer layer align either ferromagnetically to the Co layers
(FM1), antiferromagnetically to the Co layers (FM2), or
both ferromagnetically and antiferromagnetically to the Co
layers (FM3). Consequently, in Co|Ru;go_,Fe,(0.4)|Co, J;
is determined by averaging the bilinear coupling obtained
from all three magnetic configurations. The calculations
are performed in the absence of an external magnetic field.

It is clear from Fig. 7(a) that the theoretical calcu-
lations can predict the experimental data. The addition
of Fe to the Ru spacer layer increases antiferromagnetic
coupling strength while the addition of Co to the Ru
spacer layer decreases the strength of antiferromagnetic
coupling.

In Table II, the mean absolute magnetic moments of

Co atoms at Co|Rujgo_, Yy interfaces, mggf , and Y atoms

in the RuY spacer layer, mggL, in Co|Rujp9_,Y,(0.4)|Co
structures are presented for the case of ferromagnetic align-
ment of Co layers. The values of miFSeﬁ are determined
from the three magnetic structures illustrated in Fig. 7(c).
Here, mEFseLl), mfsef), and mé(st) represent the mean abso-
lute magnetic moments of Fe atoms in the FM1, FM2, and
FM3 structures, respectively. On the other hand, mECSOL) is
calculated from the lowest energy state structure, where
the magnetic moments of Co atoms in the spacer layer
are aligned ferromagnetically with the magnetic moments
of the Co layers. mS(FSeE) for x = 12.5 is not listed in the
table since, in this case, only one Fe atom is in the spacer
layer with its magnetic moment oriented ferromagnetically
(FM1) or antiferromagnetically (FM2) to the magnetic

moments of the surrounding Co layers.
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TABLE II. Average of the absolute values of the magnetic

moments of the Co atoms at the Co|Ruygo_, Y, interfaces, michft) s

and Y atoms in the RuY spacer layer, mgfgL, calculated for fer-
romagnetic alignment of Co layers in Co|Rujgo— Y5 (0.4)|Co.
mls, ms? and m''s) are the magnetic moments of Fe atoms in
the RuFe spacer layer of FM1, FM2, and FM3 structures, respec-
tively. All magnetic moments are calculated in units of p in the

absence of an external magnetic field.

FM Y=~Co Y="Fe

(Co) (Co) (Co) (Fel) (Fe2) (Fe3)
X [%] ms,Int s,SL ms,lnt ms,SL ms,SL ms,SL
0 1.46

12.5 1.53 0.65 1.49 1.68 1.56

25.0 1.56 0.80 1.50 1.39 1.32 1.54
375 1.56 0.86 1.50 1.27 1.04 1.67
50.0 1.54 0.89 1.50 0.62 0.79 1.71

Table III summarizes the michft) and mEYS)L values cal-

culated for antiferromagnetic alignment of Co layers
in Co|Rujgo_,Y,(0.4)|Co. mi)gL data are calculated from
the lowest energy state as depicted in Fig. 7(b). In all
investigated Co|Rujgo—,Y:(0.4)|Co structures, the mag-
netic moments of Ru atoms in the spacer layer are less than
0.1up and are consequently not listed in the tables.

In the Co|Ru|Co structure J, the mean absolute mag-
netic moment of Co atoms at the Co|Ru interfaces, mg(f;’f,
decreases by approximately 12%, from 1.67 to 14645,
when the magnetic moments of the Co layers are either
ferromagnetically (FM) or antiferromagnetically (AFM)
aligned. This trend is observed in all the calculated d =
0.4 nm structures and is in agreement with the results
from Eyrich ef al. [48], which shows that Ru atoms reduce
the magnetic moments of neighboring Co atoms in CoRu
alloys.

As Co atoms are introduced to the spacer layer, illus-
trated by the Co|RusqCoso|Co structure L, a similar effect
occurs. Co atoms in the spacer layer exhibit decreased
magnetic moments of 1.00up for ferromagnetic (FM) and

TABLE III.
moments of the Co atoms at the Co|Ruygo_, Y, interfaces, m

Average of the absolute values of the magnetic
(Co)
s,Int 2

and Y atoms in the RuY spacer layer, miQL, calculated for antifer-
romagnetic alignment of Co layers in Co|Rujgo—_, ¥y (0.4)|Co. All
magnetic moments are calculated in units of up in the absence of
an external magnetic field.

AFM Y=Co Y =Fe
x [%] m m mo ms)
0 1.46

12.5 1.52 0.73 1.48 1.70
25.0 1.56 1.01 1.49 1.58
37.5 1.56 0.88 1.49 1.58
50.0 1.55 1.00 1.50 1.64

0.89up for antiferromagnetic (AFM) Co layer alignments,
attributed to neighboring Ru atoms. As a consequence of
the addition of Co to the spacer layer, the Co atoms in the
magnetic layers at the Co|RuCo interfaces see an increased
average magnetic moment from 1.46up for x = 0 to 1.54
and 1.55up for x = 50 for AFM and FM Co layer align-
ments, respectively. This can be also explained by the
reduced number of neighboring Ru atoms.

Similarly, regardless of alignment, Fe atoms in the
spacer layer also experience a reduced magnetic moment
due to the neighboring Ru atoms. Although the mean abso-
lute magnetic moment of Fe atoms is reduced, it is still
greater than that of the Co atoms in the spacer layers. In the
case of the ferromagnetic alignment of Co layers, the mean
absolute magnetic moment of Fe atoms, across all three
structures (FM1, FM2, and FM3), ranges from 1.62u5 for
x =12.5 to 1.04up for x = 50, as seen in Table II. On
the other hand, in the case of the antiferromagnetic align-
ment of Co layers, the mean absolute magnetic moment of
Fe atoms ranges from 1.70up for x = 12.5 to 1.64up for
x = 50, as seen in Table III.

With the addition of Fe atoms to the spacer layer, the
average magnetic moment of Co atoms in the magnetic
layers at the Co|RuFe interfaces show an increase with
x from 1.46up at x =0 to 1.50up at x = 50 for both
alignments of Co layers. As in Co|RuCo|Co structures,
this increase can be attributed to the reduced number of
neighboring Ru atoms.

From the above results, it can be concluded that in
d = 0.4 nm structures the addition of Y atoms to the spacer
layer increases the magnetic moment of Co atoms in the
magnetic layers at Co|RuY interfaces. Additionally, Fe
atoms in the spacer layer have a greater average magnetic
moment than Co atoms in the spacer layer. In the case of
the ferromagnetic alignment of Co layers, Co atoms in the
spacer layer always align ferromagnetically to neighbor-
ing Co layers. On the other hand, Fe atoms can have three
different alignments with the FM3 structure [see Fig. 7(c)]
having the lowest energy for x > 25 and the FM2 structure
having the lowest energy for x < 25 in the 0.4-nm-thick
RuFe spacer layers.

IV. SUMMARY

Our research shows that the addition of magnetic mate-
rials to nonmagnetic spacer layers in Co(2)|Ru;go—y Y+ (d)]
Co(2) structures (Y = Co or Fe) can cause the antiferro-
magnetic coupling strength to vary drastically based on
the atomic concentration of Co or Fe in the spacer layer.
It was found that the addition of Co to the spacer layer
causes the bilinear coupling constant, J;, to exhibit damped
oscillations that follow a 1/d? dependence. It was observed
that the addition of Fe to the spacer layer significantly
enhances J; while retaining its oscillations with d. The
maximum concentrations of Co and Fe in the spacer layer,
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at which antiferromagnetic coupling is achieved in these
structures, are at 60 and 74 at.%, respectively. For the
thinnest studied spacer layers (d = 0.4 nm), increasing
the Fe concentration results in a doubling of the magni-
tude of J;: from J; = 3.5+ 0.3 mJ/m? forx =0to J; =
6.9 & 0.3 mJ/m? for x = 50. This is the largest antiferro-
magnetic interlayer exchange coupling strength ever to be
observed in metallic multilayers deposited by sputtering.
In contrast, the addition of Co to the spacer layer causes J;
to decrease monotonically. These findings are supported
through electronic structure calculations.

XMCD data of Ta|]Ru|Co(5)|Russ5Fess(d)|Co(2.5)|Ru
structures show that Fe atoms in the spacer layer are
strongly polarized. These findings are also supported by
electronic structure calculations.
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