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Tailoring interlayer exchange coupling of ferromagnetic films across MgO with Fe nanoclusters
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We investigate the interlayer exchange coupling in Fe/MgO/Fe and Fe/MgO/Co systems with magnetic Fe
nanoclusters embedded in the MgO spacer. Samples are grown by molecular-beam epitaxy and utilize wedged
MgO films to independently vary the film thickness and the position of the Fe nanoclusters. Depending on the
position of the Fe nanoclusters, the bilinear coupling (/;) exhibits strong variations in magnitude and can even
switch between antiferromagnetic and ferromagnetic. This effect is explained by the magnetic coupling be-
tween the ferromagnetic films and the magnetic nanoclusters. Interestingly, the coupling of Fe nanoclusters to
a Co film is 160% stronger than their coupling to a Fe film (at MgO spacing of 0.56 nm). This is much greater
than the coupling difference of 20% observed in the analogous thin film systems (i.e. Fe/MgO/Co vs Fe/MgO/
Fe), identifying an interesting nanoscaling effect related to the coupling between films and nanoclusters.
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I. INTRODUCTION

The scaling of magnetic materials down to nanoclusters
has led to interesting magnetic and spin-dependent
properties.! One of the most fascinating magnetic proper-
ties is the interlayer exchange coupling (IEC) across MgO,
which originates from spin-dependent tunneling between the
ferromagnetic layers.'%!'* An interesting issue is the effect of
nanoscaling on the behavior of IEC across MgO. Recently,
theoretical studies have explored some aspects of this issue
and predict that the IEC can be strongly affected by the type
and position of impurities in the MgO.'>!® Experimentally,
however, the role of nanoclusters or other impurities on the
IEC across MgO remains an open question.

In this paper, we utilize the magneto-optic Kerr effect
(MOKE) to examine the IEC in Fe/MgO/Fe and Fe/MgO/Co
systems with magnetic Fe nanoclusters (NC) embedded in
the MgO spacer. Samples are grown by molecular-beam ep-
itaxy (MBE) and utilize wedged MgO films to independently
vary the film thickness and the position of the Fe NC. By
varying the position of the Fe NC within the MgO spacer, the
bilinear coupling (J;) exhibits strong variations in magnitude
and can even switch between antiferromagnetic and ferro-
magnetic. We find that the main features of the data are ex-
plained by a model that assumes only pairwise coupling.
Surprisingly, the IEC between Fe NC and a FM film exhibits
a strong dependence on the film material (Co vs Fe): the Fe
NC-Co layer coupling is 160% stronger than the Fe NC-Fe
layer coupling. When compared to the analogous thin-film
systems at comparable spacing, the coupling in Fe/MgO/Co
is only 20% stronger than the coupling in Fe/MgO/Fe, show-
ing there is an enhanced material dependence of the IEC due
to nanoscaling effects.

II. EXPERIMENTAL PROCEDURES
A. Sample growth

All samples are grown on double-side-polished
MgO(001) substrates using MBE in ultrahigh vacuum
(UHV) with a base pressure of ~1X 107! torr. The MgO
material is deposited by electron-beam evaporation at a rate
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of ~0.2 nm/min. The other materials (Co, Fe, and Ag) are
deposited from thermal effusion cells at a rate of
~0.15 nm/min. Deposition rates are determined by a quartz
deposition monitor and are verified through reflection high-
energy electron diffraction (RHEED) intensity oscillations.
Substrates are prepared by a prerinse in DI water and then
annealed at 600 °C in UHV until a clear RHEED pattern is
achieved (~45 min.). The substrate is subsequently cooled
to 350 °C followed by the deposition of a 10 nm MgO
buffer layer which produces sharp streaky RHEED patterns
as shown in Fig. 1(C) [taken at room temperature (RT)].'%!7
Besides improving the surface quality, the buffer layer also
helps eliminate any contamination that may arise from im-
purities in the substrate.'3

Two types of samples are investigated in this study [Figs.
1(A) and 1(B)]. Both have a “free” magnetic layer with low
coercivity (~30 Oe), a “hard” magnetic layer with high co-
ervicity (~350 Oe), and an MgO spacer layer which may
have embedded magnetic NC. For the “Fe/MgO/Fe” samples
[Fig. 1(A)], the free layer consists of a 15 nm Fe layer grown
on top of the MgO buffer layer at RT and annealed at 450 °C
for 15 minutes, leading to a sharp RHEED pattern [Fig.
1(D)]. For the “Fe/MgO/Co” samples [Fig. 1(B)], an addi-
tional 4 monolayers (ML) of Co is deposited at RT on top of
the Fe to complete the free layer. Typical Co deposition on
Fe exhibits RHEED oscillations and a sharp RHEED pattern
[Figs. 1(E) and 1(F)], confirming the epitaxial growth with
bee structure, -2

The MgO spacer is deposited at RT and wedged films of
various geometries are used to vary the MgO thickness
and/or the position of embedded magnetic NC within the
MgO. The magnetic NC consist of 1/4 ML of Fe deposited at
RT. It is well known that Fe grows as nanoclusters on top of
Mg0.?>2> After completing the MgO spacer, a hard layer
consisting of Co(50 nm)/Fe(5 nm) and a capping layer con-
sisting of MgO(10 nm)/Ag(10 nm) are deposited at RT.

B. MOKE measurement

Magnetic characterization of the sample is done by ex sifu
longitudinal MOKE measurement with the applied magnetic
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FIG. 1. (A) Complete layer structure for the Fe/MgO/Fe system.
(B) Complete layer structure for the Fe/MgO/Co system. [(C)—(E)]
RHEED patterns for the MgO buffer layer, Fe (15 nm) free layer
after annealing, and Co(4 ML)/Fe(15 nm), respectively. (F) Typical
RHEED intensity oscillations for Co growth on Fe (15 nm). (G)
Representative major hysteresis loop (dashed line) and the corre-
sponding minor hysteresis loop (solid line) for Fe/MgO/Fe with
MgO thickness=0.67 nm.

field along the [100] in-plane direction of the Fe. The laser
beam is incident through the MgO substrate to measure both
the free and hard layer magnetizations. A typical hysteresis
loop [Fig. 1(G), dashed curve] exhibits a switching of the
free layer (~30 Oe) followed by a switching of the hard
layer (~350 Oe). Minor hysteresis loops [Fig. 1(G), solid
curve] are measured to determine J; according to
J1=H My, tfre, Where H; is center position of the minor
loop, M,,, is the magnetization of the free layer (black ar-
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FIG. 2. (A) Geometry of sample A, with Fe/MgO/Co (left side)
and Fe/MgO/Fe (right side) grown on the same sample and with a
wedged MgO spacer. (B) Bilinear coupling J, as a function of MgO
thickness for Fe/MgO/Fe (white squares) and Fe/MgO/Co (black
circles).

row), and 7, is the free layer thickness.'®"!> A negative H,
indicates antiferromagnetic (AF) coupling (J;,<0) and a
positive H, indicates FM coupling (J;>0). For some cases
of low MgO thickness, the AF coupling becomes so strong
that the hard layer does not remain pinned and this method
cannot be used to determine J,.!!

III. RESULTS
A. Interlayer exchange coupling without nanoclusters

We first investigate J; as a function of MgO thickness in
both the Fe/MgO/Fe and Fe/MgO/Co systems by using the
MgO wedge structure shown in Fig. 2(A). To avoid sample-
to-sample variations, the Fe/MgO/Fe and Fe/MgO/Co sys-
tems are grown on the same sample by depositing the 4 ML
Co layer on half of the sample. This sample, denoted as
sample A, allows us to directly compare couplings found in
Fe/MgO/Fe and Fe/MgO/Co and investigates any material
dependence in IEC.

Figure 2(B) shows the detailed dependence of J; on MgO
thickness for Fe/MgO/Fe (white squares) and Fe/MgO/Co
(black circles) obtained by scanning MOKE along the MgO
wedge. At high MgO thicknesses (>0.85 nm), both systems
show very little to no coupling (below our measurement res-
olution of ~0.005 erg/cm?). As the MgO thickness de-
creases below ~0.85 nm, the coupling is AF and increases
in strength with decreasing MgO thickness. The curves for
Fe/MgO/Fe and Fe/MgO/Co are similar for MgO thickness
down to ~0.65 nm. Below MgO thickness of 0.65 nm, the
curves deviate from each other with maximum measured
J,=-0.54 erg/cm? for Fe/MgO/Fe and J,=-0.70 erg/cm?
for Fe/MgO/Co at MgO thickness of 0.47 nm (~30% differ-
ence).
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FIG. 3. Schematic for the double-wedge MgO spacer used for
samples B and C. Moving from point A to point C, the total MgO
thickness is constant while the position of the Fe nanoclusters
(NCs) changes. Moving from point B to point D, the total MgO
thickness changes.

In the region of MgO thickness below 0.47 nm
(~2.1 ML) the coupling cannot be determined through mi-
nor loop analysis due to strong AF coupling. Qualitatively, in
this low MgO thickness region, the coupling for Fe/MgO/Co
changes very drastically to FM coupling at an MgO thick-
ness of ~0.43 nm. For Fe/MgO/Fe, the coupling is strongly
AF down to MgO thickness of ~0.31 nm and the coupling
transitions to FM coupling at an MgO thickness of
~0.27 nm.

B. Effect of Fe nanoclusters on the interlayer exchange
coupling

We explore the effect of embedding Fe NC within the
MgO spacer in both the Fe/MgO/Fe and Fe/MgO/Co sys-
tems. To systematically study the dependence of J; on both
NC position and MgO thickness, we use the MgO double-
wedge spacer shown in Fig. 3. The two MgO wedges are
grown along perpendicular directions and have the Fe NC
sandwiched in between. By scanning along the double wedge
from B to D, we can obtain J; as a function of MgO thick-
ness while keeping the NC at the same relative position (i.e.,
in the middle of the spacer). By scanning from A to C, we are
able to determine J; as a function of NC position while keep-
ing the total MgO thickness fixed.?62” At point A the NC is
located at the hard layer/MgO interface, and at point C the
NC is located at the free layer/MgO interface. For this study,
we focus primarily on the line scans parallel to A—C to sys-
tematically measure J; versus NC position at various total
thicknesses of MgO.

First, we examine the coupling in the Fe/MgO/Fe system
with NC, which we denote as sample B. The line cuts of J;
versus NC position are shown in Fig. 4(A) at MgO thickness
of 1.04 nm (blue or black circles), 0.85 nm (green or gray
diamonds), 0.75 nm (orange or gray triangles), 0.70 nm (red
or gray circles), and 0.66 nm (black squares). The dashed
lines are guides to the eye. For Figs. 4(A) and 4(B), the NC
position is relative to the center of the MgO spacer, with
negative numbers for NC location near the free layer and
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FIG. 4. (Color online) Bilinear coupling in sample B:

Fe/MgO/Fe with Fe NC. (A) J; as a function of the NC position at
MgO thicknesses of 1.04 nm (blue or black circles), 0.85 nm (green
or gray diamonds), 0.75 nm (orange or gray triangles), 0.70 nm (red
or gray circles), and 0.66 nm (black squares). (B) Contour or color
plot of J; with red for FM regions (above black curve), blue for AF
regions (below black curve), and thick black line for the J,
=0 erg/cm? contour. Green (top), orange (middle), and red (bot-
tom) horizontal dashed lines correspond to line cuts at MgO thick-
ness of 0.85, 0.75, and 0.70 nm, respectively. (C) The NC position
value index for sample B.

positive numbers for NC location near the hard layer [Fig.
4(C)]. An interesting feature is the W-shape in most of the J,
versus NC position line cuts, which are fairly symmetric
about the zero NC position (center of MgO spacer). The
W-shape curves show that the coupling can be tuned in
strength by changing the location of the NC within the MgO
spacer. Looking at an MgO thickness of 0.70 nm and starting
from the most negative position, we see J; has a similar
value found in the Fe/MgO/Fe of sample A. This is expected
since the NC have merged with the free layer, resulting in a
pure Fe/MgO/Fe system. As the NC move away from the
free layer interface towards the center of the MgO spacer, we
see that the AF coupling becomes stronger, reaching a value
of J;=—-0.13 erg/cm? at a NC position of —0.28 nm. When
the NC approaches the zero position in the MgO spacer

094406-3



WONG et al.
0.0 =8 mﬂ'-""
,‘ﬂvv" Vv
_..-‘“r‘w‘ YV vy
—~-01F X. hag s -
NE . \ ‘L 00—,’;’
() R 2k
> \ !
B '02 B ...I‘... - [ ] b
= N :’
03k L |
’ m 1.05nm @ 0.85nm \ L]
v 0.79nm @ 0.75nm S A)
04 F A072nm m0.66nm gm o

-04 -0.2 0.0 0.2 0.4

NC Position (nm) Jy(erg/cm?)

o
©

MgO Thickness (nm)

0.7

-0.4 -0.2 0.0 0.2 0.4
NC Position (nm)

(©) Fe (Hard)
Co (Free)
-« 0 > +
NC Position
FIG. 5. (Color online) Bilinear coupling in sample C:

Fe/MgO/Co with Fe NC. (A) J; as a function of the NC position at
MgO thicknesses of 1.05 nm (gray squares), 0.85 nm (green or gray
circles), 0.79 nm (orange or gray triangles), 0.75 nm (blue or black
diamonds), 0.72 nm (red or dark gray triangles), and 0.66 nm (black
squares). (B) Contour or color plot of J; with red (above black
curve) for FM regions, blue for AF (below black curve) regions,
and thick black line for the J;=0 erg/cm? contour. Green (top),
orange (middle), and red (bottom) horizontal dashed lines corre-
spond to line cuts at MgO thickness of 0.85, 0.79, and 0.72 nm,
respectively. (C) The NC position value index for sample C.

(middle), the AF coupling decreases in strength, reaching a
minimum J;=-0.005 erg/cm?. Now, as the NC moves to-
wards the hard layer interface, J; increases in AF strength
(J;=-0.10 erg/cm? at NC position +0.25 nm) before de-
creasing to a value similar in sample A at the positive end
point. For MgO thickness=0.75 nm, the same trend is ob-
served but the J; switches from AF to FM as the NC moves
to the middle of the MgO spacer showing that the sign of J,
can even be switched by NC position. The tailoring of J; can
be further seen in a contour plot of J; as a function of Fe NC
position (x axis) and MgO thickness (y axis) [Fig. 4(B)]. The
magnitude of J; is fairly symmetric about the central Fe NC
position (vertical dashed line—black). This can be seen by
the symmetric contour lines for negative J; values (blue re-
gion or below zero contour), which is expected due to the
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FIG. 6. (Color online) (A) Schematic of the pairwise coupling
model. (B) Plot of the j(z) function used in the simulation. (C)
Simulated line cut for MgO thickness of 0.70 nm. (D) Line cut data
for sample B at +=0.70 nm. (E) Simulated J; contour plot. (F)
Simulated line cut for Ag,.,.nc=0.28 and Ay, 4.nc=0.08.

symmetric W-shape trend seen in the line cuts. At higher
MgO thickness (>0.85 nm), there is a slight positional
asymmetry with the ferromagnetic peak off center. This
might be due a growth-induced asymmetry caused by verti-
cal diffusion.

Next, we examine the coupling in the Fe/MgO/Co system
with Fe NC embedded in the MgO spacer (denoted as
sample C). Figures 5(A) and 5(B) are the representative line
cuts and contour plot, respectively, for sample C and Fig.
5(C) is the NC position index. In Fig. 5(A), we again see the
W-shape trend in J; with respect to NC position, but there is
a strong asymmetry in the AF coupling strength. Examining
the line cut at MgO thickness of 0.72 nm (red or dark gray
triangles) and starting from the negative end point where the
NC are at the MgO/Co interface, we find J;=
-0.03 erg/cm?. As the NC move vertically toward the zero
NC position, we find a maximum AF coupling of J;=
—0.10 erg/cm? at a Fe NC position of —0.20 nm. As the NC
continue to move, the coupling reaches a minimum AF cou-
pling of J,=-0.07 erg/cm* at a Fe NC position of
—0.08 nm. With the NC continuing to move towards the
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hard layer, J; reaches another AF maximum of
-0.16 erg/cm? at a Fe NC position of +0.22 nm. Once the
NC merge with the Fe at hard layer (positive end point), the
AF coupling decreases to J;=-0.05 erg/cm?. The asymme-
try in AF coupling is very prominent for MgO thickness of
0.66 nm (black squares) where J,=-0.40 erg/cm? at NC
position of +0.19 nm and J;=-0.21 erg/cm? at NC position
of —0.20 nm. Figure 5(B) is the resulting J; contour plot for
sample C. At high MgO thickness, we do not observe a
prominent ferromagnetic peak, as was observed for sample B
[Fig. 4(B)]. Further, the asymmetry in the AF coupling can
be clearly seen from differences in J; (color intensity) and
the asymmetry in shape of the contour lines about the zero
position line (vertical dashed line).

IV. ANALYSIS AND DISCUSSION

A. Model for coupling for FM/MgO/FM with NC

To gain an insight into the origin of the features seen in
samples B and C, we develop a model for the coupling based

PHYSICAL REVIEW B 81, 094406 (2010)

on additional experimental observations. First, we establish
that the magnetic property of the Fe NC is the most impor-
tant (as opposed to the electronic property) for the effects
seen in the coupling. This is supported by measurements of
samples with nonmagnetic NC (Ag and Al), where it is found
that the W-shape feature in the line cuts of J; vs NC position
are lost. Thus, we assume the simplest magnetic coupling,
which is just pairwise bilinear coupling among the magnetic
elements: the coupling between the free and hard layer
(JHard-Free)» the coupling between the free layer and NC
(Jpree-nc), and the coupling between the hard layer and NC
(Jharave) as shown in Fig. 6(A). Second, coupling in
samples with Fe NC showed little temperature dependence
and no presence of biquadratic coupling.’® Therefore, we ig-
nore the effect of thermal fluctuations and assume that the
system is at a minimum energy. Based on these assumptions,
the total bilinear coupling between the hard and free layers is
(see Appendix)

Vereenc(t) + Traranc(t)] = [ rree-ne(t1) = Jparanc(t)] (1)

Jl(tl’tZ) = JHard—Free(t) +

where 7 is the total MgO spacer thickness, ; (¢,) is the MgO
thickness between the free (hard) layer and NC (r=t,+1,).
The first term represents the direct coupling, while the sec-
ond term represents the effect of coupling to the Fe NC.

To see if this model has the same qualitative features as
the data, namely, the symmetric W-shape for Fe/MgO/Fe and
the asymmetric W-shape for Fe/MgO/Co, we assume a func-
tional form for the NC-FM layer coupling that is similar to
Jtard-rree(t). Figure 6(B) shows the assumed form of the cou-
pling, j(£), as a function of thickness, which is based on a
double exponential fit of the Fe/MgO/Fe data in sample A
and the fact that the coupling is ferromagnetic at low thick-
ness. Including a strength scaling factor, A, we have

JFree-NC(tl) =AFree—NCj(t1)» (2)

Jtiara-nc(t2) = Agara-nci(ta)- (3)

In Fig. 6(C), J; is plotted as a function of NC position with
t=0.7 nm and coupling strengths for FM layer to NC are set
to be equal for the free and hard layer (Ay,qnc=AFreeNC
=0.08). Comparing the simulation [Fig. 6(C)] to the line cut
at MgO thickness of 0.7 nm in sample B [Fig. 6(D)], the
model qualitatively reproduces the characteristic W-shape
trends observed for the sample B line cut. The model pro-
vides an intuitive explanation for the shift toward ferromag-
netic coupling when the magnetic NC is near the center of
the MgO spacer. Because both the free and hard layers
couple antiferromagnetically to the NC, the cumulative effect
is that the magnetizations of the two layers want to be par-
allel to each other. To further test the model, we calculate a

2 k)

J, contour plot using Egs. (1)—(3) [Fig. 6(E)] and compare to
the J, contour plot of sample B [Fig. 4(B)], showing again
that the pairwise coupling model can capture the features
seen in our samples.

Next, we try to produce the asymmetry in the line cuts
that were seen in sample C [Fig. 5(A)]. Figure 6(F) shows a
simulated line cut for highly asymmetric coupling strength
using r=0.7 nm, Ag,4nc=0.08, and Ap,.,.nc=0.28. This
shows a strong asymmetry in the line cut that is similar to the
data of sample C. Because the AF coupling is stronger at the
positive NC position in both the data and simulation, it im-
plies that the coupling between the Fe NC and Co (free
layer) is much stronger than the coupling between the Fe NC
and Fe (hard layer). Therefore, by assuming a reasonable
functional form for Jz,...yc and Jy,anc [Egs. (2) and (3)],
the model defined by Eq. (1) is able to capture the main
features of the experimental data.

B. Coupling to Fe nanoclusters

We now turn our attention to using Eq. (1) to quantita-
tively determine the values for Jg,,..nc and Jy,.q.nc. To do
this, we no longer assume the functional forms of Egs. (2)
and (3). The only assumption we make is that when the NC
is very close to a FM layer, its coupling will be very strongly
ferromagnetic so their magnetizations will be aligned. For
the case when the NC is very close to the hard layer, then Eq.
(1) reduces to

Jl = ‘]Hard—Free + JFree—NC' (4)

For the case when the NC is very close to the free layer, then
Eq. (1) reduces to
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FIG. 7. The method for determining the values of Jy, 4 rree
(horizontal line) and Jgync (vertical line), the coupling between
the Fe NC and FM layer in line cut data for sample C at
t=0.66 nm. The dashed line is a guide for the eye.

Jl = JHard—Free + JHard—NC' (5)

In either case, the total coupling is the sum of the coupling
between the hard and free layer (Jy,,4.7,.) @and the coupling
between the NC and the distant FM layer.

In order to isolate the coupling between the NC and the
FM layer, it is therefore necessary to determine the value of
JHard-Free- FOrtunately, this is possible for the case when the
Fe NC is near a Fe layer. When the Fe NC is located directly
at the Fe layer, the NC merges with the Fe layer and the NC
ceases to exist as a separate entity. In this limit, the total
coupling is just given by Jy,.4.rre- Thus, the value of J; at
the end point of the line cut is Jy,,4.r... and the variation in
J, away from the end point is equal to the coupling between
the NC and the distant FM layer.

For sample C, this applies to the case when the NC is
close to the Fe (hard) layer, yielding values for the coupling
between the NC and Co layer. Figure 7 shows a line cut at
total MgO thickness of #=0.66 nm. The value of J; at a
standardized distance of 0.1 nm between the NC and Fe layer
yields a value of Jo, nc=-0.26 erg/cm? as illustrated in the
figure. This procedure is repeated for each line cut in Fig.
5(A) to obtain the values of Joonc as a function of MgO
spacing and the results are plotted in Fig. 8(A) (solid circles).
For sample B, this procedure is performed for each Fe layer,
yielding two data sets for the coupling between the NC and
Fe layer (J..nc) as a function of distance. Figure 8(A) shows
the results for the Fe(hard)-NC coupling (open circles) and
the Fe(free)-NC coupling (open squares). For comparison
with layer-to-layer coupling, in Fig. 8(B) we plot the cou-
pling in Fe/MgO/Fe and Fe/MgO/Co (without NC) over the
matching MgO thickness range.

Comparing Figs. 8(A) and 8(B), we see that the Jg, nc 18
always more AF than Jg. nc, unlike the trend seen for Jg. ¢,
and Jg,_p.. For the coupling of two thin films [Fig. 8(B)], we
see that Jg, g, is slightly more AF than J, . for MgO thick-
nesses above 0.65 nm, while the AF coupling of Jc,f. 1S
clearly stronger than Jg.p. for MgO thickness below 0.65
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FIG. 8. (Color online) (A) —Jpy.nc as a function of MgO thick-
ness. Solid circles are for Co/MgO/NC, open circles are for
Fe(hard)/MgO/NC, and open squares are for Fe(free)/MgO/NC. (B)
Coupling observed in Fe/MgO/Co (blue or black circles) and Fe/
MgO/Fe (red or black triangles) in sample A.

nm. At MgO thickness of ~0.56 nm, —Jcgpe
~0.37 erg/cm? and —Jg, . ~0.31 erg/cm? which has a
difference of 0.06 erg/cm?, or ~20%. For the coupling be-
tween thin film to NC [Fig. 8(A)], Jco.nc always has stronger
AF coupling than Jg. ¢ and at MgO thickness of 0.56 nm,
~Jeonec=0.26 erg/cm’ and —Jp, nc=0.10 erg/cm?, which
has a difference of 0.16 erg/cm?, or ~160%. This is much
larger than the difference between J¢, . and Jg, ., both in
terms of percentage difference and in absolute magnitude.

Qualitatively, the magnitude of coupling and coupling dif-
ferences should scale with the area of the FM/MgO interface,
which is smaller for a layer of NC than a continuous film.
Although the magnitude of the coupling does decrease in the
NC systems, the decrease is not nearly as much as one would
expect based on the reduced area of the 1/4 ML Fe NC.
Interestingly, we find that the difference in the coupling be-
tween Fe/MgO/Fe and Fe/MgO/Co systems is amplified
when the Fe is reduced from a thin film to a NC layer. Fur-
ther studies will be needed to understand the microscopic
origin of this nanoscaling effect.

V. CONCLUSION

We measured the interlayer exchange coupling across the
Fe/MgO/Fe and Fe/MgO/Co systems with and without em-
bedded Fe nanoclusters. First, we find that changing the ma-
terial composition of the free layer from Fe to Co/Fe en-
hances the coupling across MgO. Next, by embedding Fe NC
at different positions within the MgO spacer in both
Fe/MgO/Fe and Fe/MgO/Co systems, we can tailor the
strength and sign of J;. Through developing a pairwise cou-
pling model, we show that the observed effects are due to the
magnetic coupling between the FM layers and NC. Lastly,
we compare differences in coupling observed in the thin-
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film/NC systems (Co/MgO/NC and Fe/MgO/NC) to the
analogous thin-film systems (Fe/MgO/Co and Fe/MgO/Fe)
and find that the coupling difference is greater in the NC
systems, providing evidence for enhanced material depen-
dence in J, due to nanoscaling effects.
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APPENDIX

For the FM/MgO/FM system with FM nanoclusters em-
bedded in the spacer, the energy equation of the system is

E =~ Jtard-rree €080y = OF) = Jpree-nc €0S(0p = Oyc)
— Tttara—ne €08(0y = Oyc) + Kpty cos*(0y)sin’(6y)
+ Kptp cos*(6p)sin?(0y) + Kyctye cos?(Byc)sin®(Oyc)
(A1)
where 6y, Or, and Oy are the in-plane magnetization angle
relative to the applied field direction for the hard layer, free
layer, and NC, respectively, and Ky(ty), Kg(tp), and

Knc(tye) are the corresponding anisotropy (thickness), re-
spectively. The anisotropy parameters are assumed to be

Vrree-nc(tt) + Tharanc(t2)] = Urree-nc(tt) = Tnaranc(t)]
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positive, which is the case for Fe and bcc Co. Assuming that
the magnetization of the hard layer is fixed (6y=0°) leads to

E =~ Jnara-Free €08(0p) = Jpree-ne €OS(0F = Oyc)

— Jrarane €08(6yc) + Kty cos*(6y)sin®(6y)

+ Kyctye cos*(Oyc)sin®(Oye). (A2)
The total bilinear coupling is given by
E(0r=180°) - E(6r=0°
) E0:=1800) - B(0;=0°) .

: 2
where

E( GF = 00) == JHard—Free - JFree—NC COS(GNC)

= Jrarane €08(Oye) + Kyctye cos*(ye)sin®(Oye),
(A4)

E(60r=180°) = Jyara-rree + JFree-nc €0S(Oyc)
= Jtara-ne €08(Oyc) + Kyctye 0052( One) Sinz( One)-

(A5)

Minimizing Egs. (A4) and (A5), dE/d0yc=0, we find that
Onc=0° or 180° and the lower value of E yields

E( 6F = OO) == JHard—Free - |JFree—NC + JHard—NC ’ (A6)

E( GF = 1800) = JHard—Free - |JFree—NC - JHard-NC| . (A7)

Inserting Egs. (A6) and (A7) into Eq. (A3), we find

Jl (tl’t2) = JHard—Free(t) +

5 (A8)

*roland. kawakami @ucr.edu

' A. Milner, A. Gerber, B. Groisman, M. Karpovsky, and A. Glad-
kikh, Phys. Rev. Lett. 76, 475 (1996).

2A. Tomou, L. Panagiotopoulos, D. Gournis, and B. Kooi, J.
Appl. Phys. 102, 023910 (2007).

3S. Mitani, S. Takahashi, K. Takanashi, K. Yakushiji, S.
Maekawa, and H. Fujimori, Phys. Rev. Lett. 81, 2799 (1998).

4C. Binns, M. J. Maher, Q. A. Pankhurst, D. Kechrakos, and K.
N. Trohidou, Phys. Rev. B 66, 184413 (2002).

3Z. Mao, Z. He, D. Chen, W. Y. Cheung, and S. P. Wong, Solid
State Commun. 142, 329 (2007).

6S. Takahashi and S. Maekawa, Phys. Rev. Lett. 80, 1758 (1998).

TH. Yang, S.-H. Yang, and S. S. P. Parkin, Nano Lett. 8, 340
(2008).

8Y. Wang, X. F. Han, and X.-G. Zhang, Appl. Phys. Lett. 93,
172501 (2008).

9H. Sukegawa, S. Nakamura, A. Hirohata, N. Tezuka, and K.
Inomata, Phys. Rev. Lett. 94, 068304 (2005).

10, Katayama, S. Yuasa, J. Velev, M. Y. Zhuravlev, S. S. Jaswal,
and E. Y. Tsymbal, Appl. Phys. Lett. 89, 112503 (2006).

1Y, F. Chiang, J. J. 1. Wong, X. Tan, Y. Li, K. Pi, W. H. Wang, H.
W. K. Tom, and R. K. Kawakami, Phys. Rev. B 79, 184410
(2009).

127, Faure-Vincent, C. Tiusan, C. Bellouard, E. Popova, M. Hehn,
F. Montaigne, and A. Schuhl, Phys. Rev. Lett. 89, 107206
(2002).

3E. Popova, N. Keller, F. Gendron, C. Tiusan, A. Schuhl, and N.
A. Lesnik, Appl. Phys. Lett. 91, 112504 (2007).

14H -C. Wu, S. K. Arora, O. N. Mryasov, and 1. V. Shvets, Appl.
Phys. Lett. 92, 182502 (2008).

ISM. Y. Zhuravlev, E. Y. Tsymbal, and A. V. Vedyayev, Phys. Rev.
Lett. 94, 026806 (2005).

094406-7



WONG et al.

16M. Y. Zhuravlev, J. Velev, A. V. Vedyayev, and E. Y. Tsymbal, J.
Magn. Magn. Mater. 300, €277 (2006).

178, Yuasa, T. Nagahama, A. Fukushima, Y. Suzuki, and K. Ando,
Nature Mater. 3, 868 (2004).

18C. Tiusan, M. Sicot, J. Faure-Vincent, M. Hehn, C. Bellouard, F.
Montaigne, S. Andrieu, and A. Schuhl, J. Phys.: Condens. Mat-
ter 18, 941 (2006).

19H. Li and B. P. Tonner, Phys. Rev. B 40, 10241 (1989).
208, Yuasa, T. Katayama, T. Nagahama, A. Fukushima, H. Kubota,
Y. Suzuki, and K. Ando, Appl. Phys. Lett. 87, 222508 (2005).
218, Yuasa, A. Fukushima, H. Kubota, Y. Suzuki, and K. Ando,
Appl. Phys. Lett. 89, 042505 (2006).

22C. Tusche, H. L. Meyerheim, N. Jedrecy, G. Renaud, and J.
Kirschner, Phys. Rev. B 74, 195422 (2006).

23M. Klaua, D. Ullmann, J. Barthel, W. Wulfhekel, J. Kirschner, R.

PHYSICAL REVIEW B 81, 094406 (2010)

Urban, T. L. Monchesky, A. Enders, J. F. Cochran, and B. Hei-
nrich, Phys. Rev. B 64, 134411 (2001).

24y, Wulfhekel, M. Klaua, D. Ullmann, F. Zavaliche, J. Krischner,
R. Urban, T. L. Monchesky, and B. Heinrich, Appl. Phys. Lett.
78, 509 (2001).

2G. Fahsold, A. Pucci, and K.-H. Rieder, Phys. Rev. B 61, 8475
(2000).

20R. K. Kawakami, E. Rotenberg, H. J. Choi, E. J. Escorcia-
Aparicio, M. O. Bowen, J. H. Wolfe, E. Arenholz, Z. D. Zhang,
N. V. Smith, and Z. Q. Qiu, Nature (London) 398, 132 (1999).

27TR. K. Kawakami, E. Rotenberg, E. J. Escorcia-Aparicio, H. J.
Choi, T. R. Cummins, J. G. Tobin, N. V. Smith, and Z. Q. Qiu,
Phys. Rev. Lett. 80, 1754 (1998).

28]. C. Slonczewski, J. Appl. Phys. 73, 5957 (1993).

094406-8



