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Antiferromagnet-mediated interlayer exchange: Hybridization versus proximity effect
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We investigate the interlayer coupling between two thin ferromagnetic (F) films mediated by an antiferro-
magnetic (AF) spacer in F*/AF/F trilayers and show how it transitions between different regimes on changing
the AF thickness. Employing layer-selective Kerr magnetometry and ferromagnetic-resonance techniques in
a complementary manner enables us to distinguish between three functionally distinct regimes of such ferro-
magnetic interlayer coupling. The F layers are found to be individually and independently exchange-biased for
thick FeMn spacers—the first regime of no interlayer F-F* coupling. F-F* coupling appears on decreasing the
FeMn thickness below 9 nm. In this second regime found in structures with 6.0–9.0-nm-thick FeMn spacers,
the interlayer coupling exists only in a finite temperature interval just below the effective Néel temperature
of the spacer, which is due to magnon-mediated exchange through the thermally softened antiferromagnetic
spacer, vanishing at lower temperatures. The third regime, with FeMn thinner than 4 nm, is characterized by a
much stronger interlayer coupling in the entire temperature interval, which is attributed to a magnetic-proximity
induced ferromagnetic exchange. These experimental results, spanning the key geometrical parameters and
thermal regimes of the F*/AF/F nanostructure, complemented by a comprehensive theoretical analysis, should
broaden the understanding of the interlayer exchange in magnetic multilayers and potentially be useful for
applications in spin thermionics.
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I. INTRODUCTION

Antiferromagnetic (AF) spintronics is an emerging field
of research, where focus is on electrical, optical, and other
means of controlling the AF order parameter and its utility in
electronic devices. AF order is highly stable against pertur-
bations by magnetic fields, produces no stray fields, displays
ultrafast (THz) spin dynamics, and can generate large magne-
totransport effects [1]. Several new effects have recently been
found in AF materials, such as the tunnel anisotropic magne-
toresistance [2–4], anisotropic magnetoresistance [5–8], spin
Seebeck [9,10], inverse spin Hall [11,12], inverse spin gal-
vanic, and other effects [13,14]. As a result, nanostructures
incorporating antiferromagnets have become the topic of in-
tense research for spintronic applications.
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Antiferromagnets have traditionally been used in nanode-
vices for exchange-biasing ferromagnetic elements used in
memory, sensing, and other applications. Exchange bias oc-
curs in, e.g., ferromagnet/antiferromagnet (FM/AF) bilayers
due to the interlayer coupling via the interfacial spins of the
FM and AF coming in direct contact. It is informative to
note for the discussion to follow that such type of interlayer
coupling is necessarily weaker than the intralayer exchange
coupling (within FM and AF) due to typically inhomoge-
neous spin distributions and some orientational frustration
at the FM/AF interfaces originating from the competing
FM- vs AF-exchange ordering, superposed surface rough-
ness, interdiffusion, structural defects (e.g., grain boundaries
in polycrystalline films), etc. [15]. In addition to their con-
ventional application in exchange biasing, the recent years
have seen antiferromagnets used for novel functionality in
magnetic multilayers and nanodevices [16–20].

To analyze the possible cases of AF-mediated exchange
coupling between FM layers [Figs. 1(a)–1(c)], one needs to
consider the effect of exchange bias in more detail. Although
the full microscopic description of this phenomenon is still
under development [21,22], a good starting point is to pic-
ture the AF spins as aligned by exchange preferentially in
parallel to the FM spins at the FM-AF interface, which is
typically achieved during cooling the structure in a magnetic
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FIG. 1. Schematic of exchange-coupled trilayer of type “hard-
ferromagnet/antiferromagnet/soft-ferromagnet” (F*/AF/F), with
red arrows corresponding to external field, green arrows to F-layers’
magnetic moments (of different magnitude; in parallel and antipar-
allel states), and black arrows to antiferromagnetic vector N within
spacer: (a) case of no interlayer coupling—strong-AF limit, thick
AF spacer; (b) finite interlayer coupling at near TN (dashed) and
no coupling at lower T (solid)—weak AF in spacer of intermediate
thickness; and (c) strong interlayer coupling—vanishing AF order in
ultrathin spacer.

field [15,21,23,24]. This model has been experimentally con-
firmed for most metallic FM-AF interfaces [25,26], whereas
for FM/oxide-AF interfaces the spin orientations in FM and
AF are often orthogonal [27].

In a FM/AF bilayer, compared to a free-standing film,
the FM layer is under an additional torque exerted by the
exchange coupling to the AF. One can distinguish two limiting
cases, depending on the strength of the intrinsic AF-ordering
and/or anisotropy in the AF layer. A strong AF (strong AF
ordering and/or anisotropy) acts to field-offset the hysteresis
loop of the FM layer [Fig. 1(a)], whereas a weak AF often en-
hances the F-layer coercivity without offsetting its hysteresis
loop [Fig. 1(b)] [28].

For a proper evaluation of the exchange bias in the strong-
AF case, the coupling energy for a given interface, E =
HbMsVFM, should be used instead of the exchange-bias field
Hb [28]. Here Ms is the saturation magnetization and VFM is
the volume of the ferromagnet. As an example, in F*/AF/F
trilayers where the coupling energy is same for the two inter-
faces, Hb depends inversely on Ms, as illustrated in in Fig. 1(a).

In contrast, in the weak-AF case, it is energetically fa-
vorable for the AF’s surface spins to follow the rotation of
the FM magnetization in a reversing magnetic field (rather
than pinning its direction, up to the exchange-offset field).

The resulting, often irreversible, spin perturbation in the soft
AF layer and the associated extra energy is the reason for
the enhanced coercivity, manifest as a broader FM hysteresis
loop, with a larger magnetic field Hc required to reverse the
FM magnetization, for both positive and negative branches.
In this case, the loop can display no field offset [28]; see
Fig. 1(b).

Interestingly, and highly useful for studying the built-in en-
ergetics, increasing the system’s temperature toward the AF’s
Néel point TN weakens the AF and can invoke a transition
between the above two cases of the AF-mediated interlayer
coupling, manifest as a concomitant reduction of Hb and en-
hancement of Hc [15,29].

The interfacial region of the perturbed spin distribution
resides mainly in the AF layer and vanishes into AF over a
characteristic length (λin) of the order of a few nanometers. A
decrease in the thickness of the AF spacer layer to t � 2λin

weakens the overall strength of the AF-ordering and leads to a
significant reduction of the effective Néel temperature [30] of
the spacer. This effect of the penetrating FM-exchange field,
initially observed in FM systems [31,32], favoring parallel
alignment of the AF spins and resulting in a nonzero induced
AF magnetization, is known as the magnetic proximity effect
[33].

Among metallic antiferromagnets, FeMn (Fe50Mn50) is a
rather unique material. Its lattice parameter is close to that of
a number of iron-based FM alloys, which makes it possible to
fabricate various nearly stress-free FM/AF multilayers, a typ-
ical example of which is Py/FeMn [34,35] (Py = Ni81Fe19,
Permalloy). Its Néel temperature (TN) is thickness dependent;
it decreases with a progressive decrease in the AF layer
thickness to a few nanometers from about 150 ◦C to below
room temperature. This flexibility in the operating temper-
ature range makes FeMn-based nanostructures attractive for
applications as well as for exploring various basic-physics
aspects of AF-based multilayers.

In this paper, we investigate the interlayer coupling in
hard-FM/AF/soft-FM sandwiches, acting between the outer
FM layers via the AF spacer and find three characteristic
regimes in the system’s behavior depending on the AF spacer
thickness. The first regime is bulk like where the FeMn spacer
is relatively thick and strongly AF ordered. Here, the outer
ferromagnetic layers are strongly and independently exchange
pinned at all temperatures below the Néel point of the spacer.
The second regime is where the spacer is too thin to display
any significant AF order and is partially FM polarized by
the outer F layers. In this second case, the outer FM layers
are strongly coupled by a direct FM exchange interaction,
forming effectively a single FM layer, at least when probed
magneto-statically. The third regime is intermediate, in which
the spacer displays AF-like or FM-like character depending
on the proximity to TN . The interlayer coupling in this third
regime is ferromagnetic in a narrow temperature range just
below the Néel point and has been recently discussed in
detail [36]. The second, strong-proximity regime is perhaps
the least studied to date and receives a special attention in
this paper, probed by ferromagnetic resonance spectroscopy,
which proves to be highly informative specifically in this case.

The temperature and thickness dependence of the inter-
layer coupling through nominally antiferromagnetic spacers
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FIG. 2. [(a)–(c)] In-plane hysteresis loops for the Fe*/FeMn(t)/Py trilayer with t = 4, 6, and 12 nm at room temperature. (g) Thickness
dependence of coercivity Hc and [(d)–(f)] corresponding broadband FMR spectra at 14 GHz measured at room temperature for two external
field orientations with respect to the pinning direction—parallel (0◦) and antiparallel (180◦). Resonance lines from the Fe* (HFe∗

r ≈ 1.3 kG)
and Py (HPy

r ≈ 2.1 kG) layers are clearly distinguishable

investigated in this paper are governed by the competition
between the intrinsic AF exchange in the AF spacer and
the FM proximity exchange penetrating it from the outer
ferromagnetic layers. Our study, carried out on a set of
[Fe/Py]/FeMn/Py samples with the FeMn thickness in the
range t = 4−15 nm, with a particular focus on the ultrathin
spacer limit, is aimed at filling in the gaps in understanding the
static and dynamic magnetic properties of AF-based magnetic
multilayers. The results obtained should facilitate the devel-
opment of devices for antiferromagnetic spintronics.

II. SAMPLES AND METHODS

F*/AF/F trilayers used in our experiments had the
composition of Cr(5)/[Fe(6)/Py(3)]/FeMn(t)/Py(5), where
the layer thicknesses in nm are given in parenthesis. The
Py(5) layer and the [Fe(6)/Py(3)] bilayer are the soft and
hard ferromagnetic layers, respectively (hereafter Py and
Fe*). The higher-coercive Fe is used to harden the soft Py
material in Fe*. The Py(3) sublayer was used to promote the
fcc-texture at the [Fe/Py]-FeMn interface for the growth of
the FeMn layer with desirable antiferromagnetic properties
[1,2,26]. Since FeMn displays a strong thickness dependence
due to finite-size effects, we have fabricated a series of
trilayers with different thicknesses of the FeMn spacer
(t = 4−15 nm). We also prepared reference Cr(5)/[Fe(6)/
Py(3)]/FeMn(t)/Al(4) (t = 4−15 nm) [hereafter Fe*/

FeMn(t)] and Ti(5)/Cu(20)/Py(7)/Ti(5) (hereafter Cu/Py)
samples. The multilayers were deposited by DC magnetron

sputtering (Orion, AJA Intern.) at room temperature. To
induce a preferred magnetization direction, the samples
were deposited and subsequently annealed at 250 ◦C in the
presence of a saturating dc magnetic field applied in-plane.

The static magnetic properties were characterized using
polarization-modulated magneto-optical Kerr effect (PM-
MOKE) measurements in the longitudinal configuration in
the temperature range of 100–450 K using a home-built
setup equipped with an optical cryostat (Oxford Instruments).
The polarization modulation enabled us to obtain magnetic
material-selective MOKE signals by measuring the Kerr el-
lipticity (first harmonic) and Kerr rotation (second harmonic)
[37,38]. The measurements of microwave-cavity ferromag-
netic resonance (FMR) were carried out in the temperature
range of 100–300 K at a fixed frequency of 9.44 GHz using
X-band ESR spectrometer model EMX-plus (Bruker Inc.).
The room-temperature magnetic properties were character-
ized using a microstrip-based FMR setup and a vibrating
sample magnetometer (Lakeshore Cryogenics). More details
on the fabrication and characterization of magnetic multilay-
ered structures of the type discussed in this paper can be found
in our earlier publications [39–41].

III. RESULTS AND DISCUSSION

A. Magnetic Properties

The evolution in the magnetic properties of
Fe*/FeMn(t)/Py upon varying the thickness of the AF
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FIG. 3. [(a)–(c)] First- and second-harmonic MOKE hysteresis loops for Fe*/FeMn(t)/Py trilayer with t = 4, 6, and 12 nm, in the
temperature range 100–400 K. [(d)–(f)] Temperature dependence of the exchange bias field Hb, and coercivity field Hc, for the soft Py and hard
Fe* layers for the samples with t = 4, 6, and 12 nm, respectively.

spacer is illustrated by Figs. 2(a)–2(g) with the results of
VSM and broadband FMR measurements at 300 K.

Figures 2(a)–2(c) illustrate the transformation of the shape
of the hysteresis loops with changing the FeMn thickness. For
relatively thick FeMn (t > 6 nm), the hysteresis loops consist
of two contributions with distinctly different values of Hb and
Hc. As explained above, of the two FM layers adjacent to the
AF spacer, the layer with higher magnetization is expected to
have a smaller Hb. We therefore attribute the hysteresis loop
with the smaller Hb to the Fe* layer. The other, strongly field-
offset hysteresis loop belongs to the Py layer. This behavior
agrees with the illustration in Fig. 1(a) of the strong-AF limit,
characterized by strong exchange bias.

For the structure with a 6-nm FeMn spacer, one can ob-
serve only one contribution to the hysteresis loop at room
temperature [Fig. 2(b)], with Hb = 0 and enhanced coerciv-
ity, which agrees with the situation illustrated in Fig. 1(b)
(dashed loop for near TN)—weak AF, negligible exchange
bias, enhanced coercivity. Following Ref. [33], effective TN

is defined as the onset temperature below which the coercive
fields of the two FM layers (Py and Fe*) can be clearly
distinguished.

Further decrease in the FeMn thickness does not change the
shape of the hysteresis loop but leads to a decrease in coerciv-
ity. It appears that the coupling between the Fe* and Py layers
becomes stronger (to be verified by FMR), which represents
the regime illustrated in Fig. 1(c)–interlayer coupling via the
FeMn spacer ferromagnetically polarized due to the magnetic
proximity effect from the adjacent Fe* and Py layers.

The broadband-FMR data [insets to Figs. 2(d)–2(f)] are
consistent with the above picture. For the samples with
thicker AF spacers, exemplified for t = 12 nm in Fig. 2(f),
the presence of exchange bias is clearly evident for both

ferromagnetic layers: the resonance field Hr is significantly
different when the external field applied along or against the
nominal direction of the exchange pinning. This indicates
that the magnetic field applied during the FMR-measurements
is not able to change the magnetic configuration of the an-
tiferromagnet (strong AF). Further, it can be seen that the
exchange bias for the Py layer is higher than that for the Fe*
layer.

For t � 6 nm, the resonance fields for the Fe* and Py
layers are independent of the field direction, which agrees
with the VSM data and indicates that the system does not
display exchange bias (no field offset).

B. Layer-Selective MOKE Measurements

The polarization-modulation technique of measuring
MOKE allows separating the loops of Fe* and Py layers
due to the difference in the magneto-optical properties of Ni
and Fe [36,42]. MOKE loops at selected temperatures for
the structures with different FeMn thicknesses are shown in
Figs. 3(a)–3(d). Kerr ellipticity reflects the reversal of the two
FM layers, while Kerr rotation is much more sensitive to Fe*
vs Py. Overall, the measured MOKE loops are consistent with
the results of the VSM measurements.

Analysis of the data shown in Figs. 3(a)–3(c) allows one
to determine Hc and Hb separately for each FM layer. Cal-
culating the HFe∗

c and HPy
c coercivity fields using the first

field derivative of the MOKE M-H loops yields the individual
layers’ exchange-bias fields, HFe∗

b and HPy
b .

The temperature dependence of Hc and Hb for t = 4, 6, and
12 nm are shown in Figs. 3(d)–3(f). All samples with t > 4 nm
display significant exchange bias below a certain tempera-
ture (blocking temperature, Tb). Tb increases on increasing
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the FeMn thickness, from ∼300 K for t = 6 nm to ∼390 K
for t = 12 nm. At temperatures higher than Tb, FeMn, al-
though significantly weakened, preserves AF ordering over an
extended temperature range, until TN is reached, subsequently
undergoing a transition into the paramagnetic state.

A quantitative analysis of the MOKE results sheds more
light on the characteristics of the interlayer coupling in the
system with the AF spacer varied in thickness and yields the
following three qualitatively different regimes:

(i) t > 6 nm; Fig. 3(f). At high temperatures (T > TN),
where the spacer is paramagnetic, the two FM layers are
exchange decoupled. The MOKE data show two separate
loops, which have no offset along the field axis (Hb = 0), have
different coercivity, and correspond to essentially free soft-Py
and hard-Fe* layers (HPy

c < HFe∗
c ).

Lowering temperature below Tb produces a nonzero ex-
change bias in both Fe* and Py, which increases with further
lowering T . Hb for Fe* is smaller than that for Py, which is
expected since, for the same coupling energy at the AF-FM
interface, Hb is inversely proportional to the FM-layer mag-
netic moment.

The behavior of coercivity is more nuanced. The coercivity
of both FM layers increases with decreasing temperature, but
after crossing Tb, the change in HPy

c becomes much more pro-
nounced than that in HFe∗

c . As a result, in the low-temperature
region (T � Tb), HPy

c strongly exceeds HFe∗
c . This may be

due to the fact that nominally ultrasoft Py is more suscepti-
ble to morphological and spin disorder at the AF interface,
compared to the relatively magnetically hard Fe*.

(ii) t = 6 nm; Fig. 3(e). This case is discussed in detail
in Ref. [36] and briefly treated here for completeness and
functional comparison with the focus, high-proximity case
(ultrathin AF). At high (T > TN) and low (T � Tb) temper-
atures, the MOKE hysteresis loops consist of two discernible
contributions from the Fe* and Py layers. Within these tem-
perature regions, the behavior of Hb and Hc for both FM layers
is similar to the previous case (t > 6 nm). The only difference
is that the exchange bias field for both FM layers is smaller,
compared to the samples with t > 6 nm. This, along with the
reduced Tb, agrees with the earlier established characteristic
of the system where reduction in the FeMn spacer thickness
results in a weaker AF-ordering and lower Néel temperature
of the spacer [32,34].

In contrast to the above magnetization behavior composed
of two superposed hysteresis loops, found at high and low
temperatures, a single-loop hysteresis is observed in the inter-
mediate temperature range, just below TN (∼225 to ∼300 K).
In this range, the exchange-bias field is relatively small
(Hb < 30 G) but the coercivity is enhanced and exceeds that
of all the other samples [see Fig. 2(g)]. This unique behavior
can be explained [36] as due to AF-FM hybridization in the
structure and magnon exchange via the weakly antiferromag-
netic spacer, which couples the outer layers ferromagnetically.
The weak AF ordering in the spacer in the vicinity of TN is
not sufficient to exchange pin the ferromagnetic layers in a
significant way [Fig. 1(b)].

As temperature decreases, the single hysteresis loop devel-
ops a field offset, which indicates enhanced AF correlations
in FeMn and stiffening of the exchange pinning. At a

certain temperature, the single loop splits into two minor
loops and the behavior transitions in to the first regime
above, illustrated in Fig. 1(a)—toward individual pinning
of the Fe* and Py layers, with insignificant interlayer FM
coupling.

(iii) t = 4 nm; Fig. 3(d). A single loop with a negligible
exchange bias (Hb ≈ 0) is observed at all temperatures, which
is due to vanishing AF order in the thinnest FeMn spacer,
dominated instead by the magnetic proximity effect from the
Fe* and Py layers. The outer FM layers are strongly exchange-
coupled in this regime, even at high temperatures [Fig. 3(a)].

C. Ferromagnetic-Resonance Properties

All Fe*/FeMn(t)/Py structures reveal two well-defined
resonance lines (from Fe* and Py) at room temperature, as
seen in the broad-band FMR spectra shown in Figs. 2(d)–
2(f). The second technique we use—cavity-FMR at a fixed
frequency of ∼10 GHz—reproduces these lines with much
better signal-to-noise ratio and allows us to investigate the
temperature evolution of the FMR spectra and compare the
temperature dependence of the resonance fields for Fe* and
Py in the samples with different t ; Fig. 4. The FMR spectra
were obtained in a configuration where the external field was
applied in the film plane and perpendicular to the nominal
direction of the exchange pinning. The FMR spectra for a
Cu/Py reference sample were used to determine the base-line
FMR properties for a free Py layer; marked “ref. Py film” in
Figs. 4(d)–4(f).

For the structure with t = 9.5 nm, which represents the
case of strong exchange-pinning of Fe* and Py layers, the
resonance fields of the two FM layers (HFe∗

r and HPy
r ,

respectively) demonstrate a weakly temperature-dependent
behavior; Figs. 4(c) and 4(d). The temperature dependence
of HFe∗

r and HPy
r can be explained by the changes in the

respective layer’s magnetization and the magnitude of the
corresponding exchange-induced anisotropy. It is noteworthy
that the temperature dependence of the Py-layer resonance
field is essentially that of a single Py film (reference sam-
ple; H refPy

r ). The intensity of the Py resonance line is
lower for higher exchange coupling (at lower temperature),
which is often observed in similar exchange-coupled systems
[43,44].

The temperature-dependent FMR properties of the 6-nm
FeMn trilayer are distinctly different from that of the 9.5-nm
FeMn structure; cf. Figs. 4(d) and 4(e). This is particularly
visible for the resonance field of the Py line: HPy

r devi-
ates from H refPy

r and the deviation increases with decreasing
temperature—at 250 K, the difference reaches 16% of H refPy

r

(≈170 G). We explain this deviation as due to the substan-
tial interlayer coupling between Fe* and Py, which is also
observed in the MOKE study as a single M − H loop in
the temperature interval of 225 − 320 K. What is impossible
using the MOKE data, from this difference in the Hr we can
estimate the strength of the interlayer coupling J∗

IC, which can
reach ∼0.05 erg/cm2. It should be noted, however, that the
actual JIC should be somewhat lower than the estimated J∗

IC
because the latter does not exclude an additional factor—so-
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FIG. 4. Temperature dependent FMR in Fe*/FeMn(t)/Py trilayers with t = 4, 6, and 9.5 nm. [(a)–(c)] In-plane FMR spectra measured
perpendicular to the nominal exchange pinning direction; thick solid lines represent experimental data, dashed lines–components of the fit
using the Lorentzian. [(d)–(f)] The corresponding Fe* and Py resonance fields as a function of temperature; the size of symbols shows relative
changes in line intensity. The dashed line in (d)–(f) shows the resonance field for the reference Py film. Solid red lines are the fit (d) and
low-temperature extrapolation (e) with the same quadratic functional form.

called rotatable magnetic anisotropy that is often present in
such ultrathin FM-AF multilayers [45].

The intensity of the Py line becomes too weak below T ≈
240 K for reliable determination of its position. Along with
the nonzero Hb from the MOKE study, the vanishing Py-line
intensity additionally confirms the substantial strengthening
of the exchange pinning with decreasing temperature below
∼250 K. This is the result of a magnetic phase transition in
the FeMn spacer, when its AF order becomes strong enough
to exchange-pin the outer Fe* and Py layers individually.
Consequently, there is no interlayer coupling between Fe* and
Py at low temperatures (T < 225 K).

The Fe* line, on the contrary, remains highly intensive
in the whole temperature interval [Fig. 4(b)], which can be
explained by the ∼3 times larger magnetic moment of the Fe*
layer than the one of Py. For the same reason, the position
of the Fe* line is less sensitive to the interlayer coupling;
cf. Fig. 4(e). Despite that, HFe∗

r vs T shows well-defined
deviation above 225 K from the extrapolation of the low-
temperature trend [solid red line in Fig. 4(e)]. Importantly,
the low-temperature part of HFe∗

r (T < 225 K) has the same
temperature-dependent trend as the one for the 9.5-nm struc-
ture. This implies that the low-temperature properties of the
6-nm structure are governed by the strong exchange pinning
akin to that of the 9.5-nm structure.

The FMR study of the 4-nm FeMn structure proves to
be much more informative than the MOKE data regarding
the strength and nature of the interlayer coupling in the
structure. When the MOKE yields a single hysteresis loop
with no exchange offset and no changes in its shape in
the whole temperature interval of 100 − 460 K [Fig. 3(a)],
the FMR reveals substantial temperature-induced variations

in the dynamic properties of the structure; see Figs. 4(a)
and 4(f). Similar to the 6-nm FeMn structure, there are two
well-defined resonance lines at higher temperatures (T �
230 K), where HPy

r considerably deviates from H refPy
r (by

21% at 250 K). What is different for the 4-nm FeMn sam-
ple is that the two lines clearly merge into a single mode
below 230 K. The presence of this low-temperature single
mode and the absence of exchange pinning indicate a regime
of the interlayer coupling through the 4-nm FeMn that is
qualitatively different from those revealed for the structures
with the thicker FeMn spacers. We explain this regime as
caused by the strong magnetic proximity effect, as discussed
below.

The difference in the resonance fields HPy
r and H refPy

r can
give the strength of the FeMn-mediated interlayer coupling
for the structures with t = 4 nm and 6 nm. According to the
standard FMR formalism [46], the interlayer coupling affects
the FMR behavior of the Py layer by adding the effective
field of interlayer coupling HIC to the total effective field Heff

acting on the spins in Py. Assuming the absence of in-plane
magnetic anisotropy, Heff = (H + HIC), where H is the exter-
nal magnetic field. Then, the FMR frequency for the in-plane
orientation of H reads fres = (γ /2π )[Heff (Heff + 4πMs)]1/2,
where γ is the gyromagnetic ratio, 4πMs the demagnetiz-
ing field of a thin film. The difference between H refPy

r of
the free Py (Heff = H) and HPy

r of the exchange coupled Py
(Heff = H + HIC), gives HIC that can be converted into the
constant of interlayer coupling as JIC = HICMstPy, where tPy

is the thickness of Py. Numerically, JIC for the 4-nm and 6-nm
samples are comparable in the vicinity of the Néel transition
(of the order of 0.1 erg/cm2) and diverge at low temperature.
JIC vanishes for the 6-nm spacer and increases several fold
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FIG. 5. Effective field of interlayer coupling HIC determined as
difference in resonance fields for Py layer HPy

r and reference Py film
H refPy

r for t = 4 nm, and as the deviation from the low-temperature
extrapolation of HFe∗

r (T ) for t = 6, 9 nm.

for the 4-nm spacer, directly reflecting the behavior of HIC

extracted from the FMR data.
Since the Py line vanishes in intensity below 240 K for

the sample with t = 6 nm, the Fe* line can be used instead
at low temperatures. As seen in Fig. 4(e), the extrapolation
of the HFe∗

r (T ) yields a clear deviation at T > 220 K. This
extrapolation uses the same quadratic functional form that
perfectly fits the HFe∗

r (T ) of the 9.5-nm FeMn sample in the
whole temperature interval; Fig. 4(d). The deviation from the
extrapolation for the 6-nm sample is proportional to HIC and
indicates the presence of the interlayer coupling between Fe*
and Py in the finite temperature interval, T � 220 K, shown
in Fig. 5. Owing to the three-times larger magnetic moment
of Fe*, the respective HIC is numerically smaller than that
determined for the Py line.

The interlayer coupling for the 4-nm FeMn structure at low
temperatures can still be traced using the Py line, which in
fact merges with the Fe* line at T < 230 K; cf. Fig. 4(f). The
merging indicates much stronger coupling present down to
100 K, which is in stark contrast to the behavior found for
the 6-nm sample.

D. Three regimes of interlayer coupling in F/AF/F

The observed interlayer coupling through the nominally
antiferromagnetic FeMn spacer and its thickness- and temper-
ature dependence can be explained by an interplay between
finite-size and magnetic proximity effects on the one hand
and the intrinsic AF order in the spacer on the other. It is
known that the Néel temperature of ultrathin FeMn films
is suppressed to below room temperature [30] owing to
the finite-size effect—the effective intrinsic AF exchange is
weakened by the absence of the nearest-neighbor AF order
for the surface spins. The AF properties of the thinnest FeMn
spacers in our structures are further suppressed by the prox-
imity of the outer Fe* and Py layers, which magnetize the
interface regions of the spacer and thereby counteract AF
ordering, facilitating ferromagnetic interlayer coupling.

Our Fe*/FeMn(4 nm)/Py trilayers show no Néel transition
in the entire temperature interval, as indicated by a single
hysteresis loop measured in the entire experimental range,
the nonzero induced magnetization in the AF spacer (not
shown), as well as the continuously increasing interlayer cou-
pling strength toward the lowest temperatures. All indications
are that AF spacers of subcritical thickness (below 6 nm of
FeMn) behave as weak ferromagnets as regards the interlayer
exchange. The characteristic penetration depth of the proxim-
ity effect for ferromagnetically enclosed FeMn can thus be
estimated as about 2 nm for our structures. It should be noted,
however, that the effect is nonlinear versus the AF thickness,
so the penetration depth is likely a function of the multilayer
geometry as well as its material parameters (details go beyond
the scope of this paper).

The limit of thick AF spacers, 9 nm and above, is straight-
forward to interpret. The finite-size effect is relatively weak,
such that the AF-ordering and the Néel temperature are es-
sentially those found in the bulk FeMn alloy. The strong
AF-ordering counteracts the proximity effect much more ef-
ficiently with the result of fully suppressing the interlayer
exchange coupling. This is manifested via, in particular,
the measured bulk-like blocking temperature as well as the
mutually independent exchange-bias fields of the two outer
ferromagnetic layers.

The case of the critical spacer thickness of about 6 nm is
rather unique and was analyzed in great detail in [36]. Here,
the F proximity helped by the finite-size effect is able to
counteract and penetrate the spacer only in the vicinity of the
Néel temperature, where the AF order is weak. Just below TN ,
the magnon modes in the AF spacer hybridize with those in
the ferromagnetic layers, which results in a magnon mediated
interlayer coupling. As the temperature is lowered and the AF
order is strengthened, the proximity-induced magnetization
is “squeezed out”, and the interlayer coupling is again fully
suppressed.

The qualitative difference in the functional form of the
AF-mediated interlayer coupling between the two most in-
teresting cases of critical and subcritical spacer thickness
is most clearly visible in Fig. 5, where the nonmonotonic,
thermally-gated dependence for the 6-nm spacer transforms
into a continuously rising trend for the 4-nm spacer. These
results should be useful in tuning interlayer coupling in AF-
based multilayers.

E. Theoretical considerations

To interpret the observed behavior, functionally different in
different temperature intervals, we develop an analytical spin-
dynamic model of the trilayer. Its structure consists of two
ferromagnetic layers, F* and F, separated by an AF layer of
thickness tAF; see Fig. 6. The thicknesses of the ferromagnetic
layers LF, LF∗ � tAF, but much smaller than the domain wall
width in F*(F), so the spin distribution is homogeneous within
the ferromagnets. The antiferromagnetic layer is a collinear
antiferromagnet, whose magnetic state is described by the
Néel vector N and magnetization MAF. The ferromagnetic
layers are characterized by magnetization vectors M∗ and M.
We further take the easy magnetization axes in all three layers
to be parallel to ẑ.
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FIG. 6. Schematic of F*/AF/F trilayer.

1. Equilibrium states of F*/AF/F trilayer

We start by calculating the possible equilibrium states of
the trilayer in the presence of an external magnetic field H.
For this we minimize the magnetic energy of the system, W =∫

wdx, where the energy density w = wF + wF∗ + wAF +
wint has four contributions. The ferromagnetic contribution
(similar for F and F* layers)

wF = − 1
2 KanM2

y + 1
2 A(∂xM)2 + 2πM2

x − HMy, (1)

is nonzero within the ferromagnetic layers, tAF/2 < x <

LF (−L∗
F � x � −tAF/2), with H being the value of the ex-

ternal magnetic field parallel to the easy axis. Here Kan (K∗
an)

is magnetic anisotropy and A (A∗) is the exchange stiffness of
the F (F*) layer.

Within the antiferromagnetic layer, the energy density is

wAF = Hex

2Ms
M2

AF − 1

2
KAFN2

y + 1

2
AAF(∂xN)2, (2)

where Hex is the exchange field that keeps antiferromagnetic
sublattices antiparallel, KAF is the magnetic anisotropy con-
stant, and AAF is the exchange stiffness of an antiferromagnet.
The Zeeman contribution due to the external magnetic field is
implicitly included into the anisotropy value, KAF → KAF −
H2/(HexMs); however, it can be neglected assuming that H
is smaller than the spin-flop field (our experimental case). In
most cases (unless specified explicitly) we assume that mag-
netization of AF is small, so that |MAF| � |N| and |N| = Ms.

We further assume that the exchange coupling at the
F*/AF and AF/F interfaces are parametrized by positive con-
stants J∗

b and Jb so the interaction energy is

wint = − ξJ∗
b (M∗ · N)δ

(
x + tAF

2

)

− ξJb(M · N)δ

(
x − tAF

2

)
, (3)

where ξ is the length-scale characteristic for the interface
coupling and δ(x) denotes the Dirac delta function. Such
interaction favors parallel or antiparallel orientation of all
three magnetic vectors at the interfaces. Constants J∗

b and Jb

are related to the effective bias fields, H∗
b = ξJ∗

b Ms/tAF and
Hb = ξJbMs/tAF.

We emphasize that although exchange coupling may be a
prerequisite for exchange bias, it does not necessarily cause
the shift of the magnetization loop. However, we use the val-
ues of the measured exchange bias field as an experimentally
accessible measure of the exchange constants Jb, J∗

b . It should
also be noted that we develop the simplest model of coupling,
which assumes that the magnetic vectors in the ferro- and
antiferromagnetic layers are parallel and independent of the
orientation of the crystallographic axes (exchange coupling).
Such parallel coupling is typical for similar metallic AF/F
bilayers as reported in Refs. [23–25]. The generalization to
the case of perpendicular coupling is straightforward and does
not change the main conclusions of the model.

The energy of the trilayer is minimal (global minimum in
W ) if all three magnetic vectors M∗, M, and N are parallel to
each other, M∗ ↑↑ M ↑↑ N, and are parallel or antiparallel to
the external magnetic field. These states are the only equilib-
rium states of the system, which are observed experimentally
in the weak-AF regime and in the limit of the ultrathin AF
layer [see Figs. 1(b) and 1(c)]. However, in the strong-AF
regime the system’s energy (W ) has a local minimum in a state
with the antiparallel alignment of the ferromagnetic moments
of the F and F* layers, M∗ ↑↓ M, with an inhomogeneous
spin distribution within the AF spacer. We next consider the
competition between the parallel and antiparallel states de-
pending on the thickness of the AF layer.

Thick AF spacer. tAF � xDW, where xDW ≡ √
AAF/KAF is

the thickness of the AF domain wall. In this case, the inter-
action energy at the interfaces wint is minimized by a parallel
alignment of the Néel vector and the corresponding ferromag-
netic magnetization at each of the interfaces, N(−tAF/2) ↑↑
M∗ ↑↓ M ↑↑ N(tAF/2). To preserve the continuity of the AF
texture, the Néel vector rotates through 180◦ between the
two interfaces, forming a domain wall, which is localized
close to one of the interfaces. Hence, the reorientation of
one ferromagnetic layer is penalized by the energy of the AF
domain wall EDW = √

AAFKAFMs, which can be considered
as a height of the potential barrier between the two states.
In the thick-AF limit, tAF � xDW, this energy barrier is in-
dependent of tAF. Moreover, the formation of the domain wall
at one interface produces no effect on the other, and the two
ferromagnetic layers behave independently.

Intermediate AF spacer thickness. tAF � 2xDW. In this
case, configuration N(−tAF/2) ↑↑ M∗ ↑↓ M ↑↑ N(tAF/2)
with a 180◦ domain wall inside the spacer still minimizes the
interaction energy at the interfaces and the energy barrier is
EDW. However, the domain wall spans the entire space be-
tween the ferromagnetic layers and couples M∗ and M, such
that they no longer behave independently, as will be discussed
later.

Thin AF spacer. tAF � 2xDW. An antiparallel alignment of
the ferromagnetic moments, M∗ ↑↓ M, results in a squeezed
AF domain wall whose energy E = EDWxDW/tAF increases
with the decrease of the AF thickness. In other words, the ex-
change stiffness in AF is large enough to prevent a formation
of a domain wall within the AF layer and the only equilibrium
states are M∗ ↑↑ M ↑↑ N (all-parallel up/down). We note
that a domain wall in the ferromagnetic layers is disallowed
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energetically since their thickness is much smaller than the
domain wall width in F*/F (experimental case).

Ultrathin AF spacer. tAF � xDW. A further decrease in
the AF thickness results in a weakening AF order in the
spacer, which lies outside the micromagnetic model discussed
above. However, a qualitative analysis is still possible. First,
we note that the Néel temperature is diminished significantly
in ultrathin AF layers [33] and the AF ordering can be fully
suppressed (TN = 0) by fluctuations below about seven mono-
layers in AF thickness (∼1.5 nm for FeMn) [47]. Even if
the exchange in the AF layer remains sufficient to allow
long-range ordering within the AF sublattices, it still needs
to compete with the exchange coupling at the FM/AF inter-
faces. For tAF � JbMξ/Hex, the interfacial exchange coupling
produces an effective magnetic field of the order of ξ (J∗

b M∗ +
JbM)/tAF [48], which induces a noticeable canting of the
magnetic sublattices in AF and hence nonzero magnetization,

MAF ∝ ξ

tAFHex
(J∗

b M∗ + JbM). (4)

Such induced magnetization of the AF layer provides an
additional coupling between the ferromagnetic layers. As a
result, the ferromagnetic layers can couple directly via the
proximity-induced magnetization in AF and behave as one
under the action of the external field. To conclude, a F*/AF/F
trilayer in the limit of ultrathin tAF behaves as a ferromagnet
whose state is described by a single magnetization vector. The
ultrathin limit in our structures is found at tAF � 4 nm; our
recent study [49] on similar Py*/FeMn/Cr/Py multilayers
showed an increase of the saturation magnetization below
4 nm in the FeMn spacer thickness attributed to the induced
AF magnetization expected in this limit.

Analysis of the equilibrium states points to three possi-
ble regimes of the field-induced switching depending on the
thickness of AF layer: (i) uncoupled, independent switch-
ing of the F* and F layers for thick AF spacers; (ii) strong
coupling and cooperative switching for thin and ultrathin AF
spacers; and (iii) the intermediate case, in which the transition
between the coupled and uncoupled behavior can be tuned
via the magneto-structural parameters of the trilayer. In the
next sections we focus on the last intermediate case as the
most interesting for applications. In particular, we consider
the effects of temperature on the degree of ordering in the AF
layer and thereby on the spin-dynamic behavior of the trilayer
as a whole.

2. Energy barrier between the parallel
and antiparallel configurations

To analyze the transition between the coupled and uncou-
pled regimes we have calculated the energy barrier between
the parallel, M∗ ↑↑ M, and antiparallel, M∗ ↑↓ M, configu-
rations. For this we fixed the orientation of M∗ along the easy
magnetic axis in one ferromagnetic layer and varied the ori-
entation of M (parametrized by an angle θF). Figure 7 shows
the contribution to the energy of the antiferromagnetic layer
associated with the noncollinear alignment of ferromagnetic
magnetizations M∗ and M. The energy barrier between the
parallel and antiparallel states of the ferromagnets is identified
as the energy maximum Emax, while θF varies from 0◦ to 180◦.

FIG. 7. Formation of antiparallel F*/AF/F state. Energy of an-
tiferromagnetic texture (color code) depending on angle θF between
M and M∗ (vertical axis) and ratio between interface coupling and
EDW (horizontal axis). Inset shows energy maximum as a function of
ξJbM/EDW.

If coupling at the AF/FM interface is weaker compared to
the exchange coupling inside the AF layer, ξJbM � EDW, the
Néel vector is only sightly tilted from the easy direction due to
the interface exchange coupling to the ferromagnets, and the
energy barrier is small. In the opposite case, ξJbM � EDW,
the Néel vector rotates through 180◦ and the energy barrier
is equal to the energy of the antiferromagnetic domain wall.
Hence, softening of the antiferromagnetic layer impedes for-
mation of the antiparallel M∗ ↑↓ M configuration and favors
the cooperative switching of the ferromagnetic layers.

3. Stability of parallel configuration M∗ ↑↑ M ↑↑ N

Up to now we discussed only the structure of the equi-
librium states. However, field-induced switching is associated
with the stability of states with respect to thermal fluctuations.
In the simple picture of a single superparamagnetic particle
[50,51], magnetization switches once the magnetic field com-
pensates the magnetic anisotropy and the frequency of the
long-wave magnons is close to zero. To address the magnetic
stability of the trilayer, we thus analyze the magnon spectra
around the equilibrium parallel configuration M∗ ↑↑ M ↑↑
N, searching for nonlocalized magnon modes able to correlate
thermal fluctuations in F and F*

Method of calculation. The magnon spectra are calculated
by solving the standard dynamic equations for magnetic vec-
tors M∗, M, and N. For the ferromagnetic layers, we use the
Landau-Lifshitz equations,

Ṁ = −γ M × (HM + A	M),

Ṁ∗ = −γ M∗ × (HM∗ + A	M∗),
(5)

where γ is the gyromagnetic ratio, the effective anisotropy
field is HM = −∂wF/∂M (HM∗ = −∂wF∗/∂M∗), and wF

(wF∗) is the magnetic energy density introduced by Eq. (1).
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For the Néel vector of the antiferromagnetic layer we use
the standard AF-dynamic equation (see, e.g., [52]),

N × (N̈ − c2	N + γ 2HexHN) = 0, (6)

where c = γ
√

AAFHexMs is the limiting magnon veloc-
ity in the antiferromagnet. We also introduce the effective
anisotropy field of the antiferromagnetic layer as HN =
−∂wAF/∂N, where wAF is given by Eq. (2).

Equations (5) and (6) are complemented by the exchange
boundary conditions, ∂xM |x=LF= 0 and ∂xM∗ |x=−LF∗= 0, at
the free surfaces of the ferromagnets, and the following
relations at the AF/F interface,(

A∂xM + ∂wint

∂M

)
x=tAF/2

= 0,

(
AAF∂xN + ∂wint

∂M

)
x=tAF/2

= 0

(7)

with similar relations at the F*/AF interface.
Magnons are introduced as small excitations δM∗, δM,

and δN over the equilibrium state with M∗
0 ↑↑ M0 ↑↑ N0.

Magnon spectra of a trilayer are calculated using approach
suggested in Ref. [53].

For stand-alone F (F*) and AF layers the eigenmodes
are obviously localized within the corresponding layers. The
eigenmodes are classified according to the wave vector k, k∗ in
the ferromagnetic layers and q in the antiferromagnetic layer.
The eigen frequencies calculated according to Eqs. (5) and (6)
are given by the Kittel’s formula for F and F*,

ωF = γ
√

4πM(KanM + H ) + AMk2,

ωF ∗ = γ

√
4πM∗(K∗

anM∗ + H ) + AM∗k2∗,
(8)

where we assume that 4πM � H, KanM, and

ωAF = γ
√

HexKAFMs + c2q2 (9)

for the antiferromagnetic layer.
Analysis of results and discussion. The magnon modes of

the trilayer are hybridized due to the coupling at the inter-
faces so the wave vectors in different layers are no longer
independent. For a given frequency of an eigenmode ω, q =√

ω2 − ω2
AF/c, and

k =
√

ω − ωF√
γ AM

, k∗ =
√

ω − ωF ∗√
γ AM∗ . (10)

The eigenmode frequencies then calculated from[
(k − λ)(k∗ + λ∗)(q − λ̄)(q + λ̄∗)

− λλ̄λ∗λ̄∗

tan(kLF ) tan(k∗L∗
F )

]
sin qtAF

qtAF

+
[
λλ̄(k∗ + λ∗)

tan(kLF )
− λ∗λ̄∗(k − λ)

tan(k∗L∗
F )

]
cos qtAF

tAF
= 0, (11)

with q ⇒ iκ for ω < ωAF.

FIG. 8. Magnon spectra of F*/AF/F trilayer at different temper-
atures calculated for tAF = 6 nm. (a) Hybridized magnon modes.
Dash line shows temperature dependence of ωAF of isolated AF
layer. (b) Transparency of AF layer calculated according to (13) for
quasi-F (blue) and quasi-F* (orange) modes for tAF = 6 nm (bright
colors) and tAF = 12 nm (dim colors). Quasi-F mode is hybridized
with evanacent AF magnons in all temperature range, hence T < 1.
[(c),(d)] Relative amplitudes of M and M∗ in quasi-F* (c) and quasi-F
(d) modes. At low temperature, quasi-F* (quasi-F) mode is localized
in F* (F) layer. At T1 < T < T2, quasi-F* mode is delocalized, while
quasi-F mode is still mostly localized within F layer.

In Eq. (11) we introduced effective interaction constants,

λ ≡ ξJbMs

AM
, λ∗ ≡ ξJ∗

b Ms

AM∗ ,

λ̄ ≡ ξJbM

AAFMs
λ̄∗ ≡ ξJ∗

b M∗
AAFMs

.

(12)

λ and λ∗ parametrize the momentum transferred by the
ferromagnetic magnons to the antiferromagnetic layer in the
limit of an infinitely hard antiferromagnet. As such, they
define the contribution of the interface exchange coupling
to the effective anisotropy of the ferromagnetic layers. In a
similar way, λ̄ and λ̄∗ quantify the momentum absorbed by
the antiferromagnetic magnons.

The magnon spectra of a F*/AF/F trilayer, given
by Eq. (11), consist of three branches corresponding to
two (quasi-) ferromagnetic and one quasi-antiferromagnetic
modes [54] The structure of the modes and the extent of
their hybridization depend on the relation between the fre-
quencies ωAF, ωF, and the interaction constants (12), whose
values are temperature dependent. Here we consider three
different regimes relevant for the experimental observations
detailed above assuming that ωAF(T ) varies in a wide range
of values due to the temperature dependence of the antifer-
romagnetic order parameter, Ms ∝ √

TN − T , where TN is the
Néel temperature (see Fig. 8). These regimes are delimited by
temperature T1 of crossing of the ferro- and antiferromagnetic
spectra, ωAF(T1) = ωF∗, and temperature T2, ξJ∗

b Ms(T2) =
4πM

√
Kan, at which the exchange coupling at the interfaces

becomes negligible. We have T1 < T2 � TN.
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FIG. 9. Spatial distribution of amplitudes in quasi-F (blue lines)
and quasi-F* (orange lines) magnon modes at different temperatures
and tAF. (a) T = 220 K < T1, tAF = 12 nm. Oscillations are localized
within F and F* layers, amplitude of Néel vector exponentially de-
cays. (b) T1 � T = 245 K, tAF = 6 nm. (c) T1 � T = 270 K, tAF = 6
nm. AF layer is almost transparent for quasi-F* magnons. Discon-
tinuity at interfaces correspond to momentum exchange between N
and M (M∗) at interface.

At low temperature, T < T1, the antiferromagnet is mag-
netically hard, ωAF � ωF, ωF∗, and hybridization of the
modes is weak. The quasiferromagnetic modes, with ω ≈
ωF∗ and ω ≈ ωF, which are responsible for the field-induced
switching, are mainly localized within the ferromagnetic
layers, with the “tail” of the evanescent antiferromagnetic
mode decaying as ∝ exp [−(tAF/2 + x)

√
ω2

AF − ω2
F∗/c] or ∝

exp [−(tAF/2 − x)
√

ω2
AF − ω2

F/c], off the interface into F(F*)
(see Fig. 9). In this case, the dynamics of the ferromagnetic
layers are fully decoupled.

In the intermediate temperature range, T1 � T � T2,
ωF∗ � ωAF ∝ ωF and hybridization of the modes is pro-
nounced. The quasi-antiferromagnetic mode that results from
hybridization of the F* and the propagating AF modes is fully
delocalized between the F and F* layers. The quasi-F-mode is
also delocalized if ωAF � ωF. In the opposite case, ωAF � ωF,
the evanescent antiferromagnetic mode transmits spin excita-
tions through the layer [see Fig. 8(b)], with the transparency
coefficient given by

T ∝ exp
(−√

ω2
F − ω2

AFtAF/c
)
. (13)

In this temperature range the dynamics of the ferromagnetic
layers are fully coupled.

It should be noted that delocalization of the quasiferromag-
netic modes hybridized with the evanescent antiferromagnetic
mode can be controlled both by temperature and by thickness
of the antiferromagnetic layer, as is illustrated in Figs. 8 and 9.
For example, in thick films with tAF � xDW, transparency T
is exponentially small in almost all of the temperature range
below TN.

At high temperature, T > T2, the AF layer is soft (ωAF �
ωF < ωF∗) and transparent to the F and F* magnons. In
this limit, however, the effective coupling at the F/AF and
AF/F* interfaces is significantly weakened by strong thermal

fluctuations of the AF order and the resulting much reduced
value of the Néel vector, |N| → 0. This behavior is also
consistent with the small energy barrier between parallel and
antiparallel states of ferromagnetic magnetizations, since for
this temperature range ξJbM/EDW < 1 (see Fig. 7). As a re-
sult, correlations between the ferromagnetic layers vanish also
at high temperature.

From the above theoretical analysis we conclude that a
thin and intermediate AF spacer can effectively mediate cou-
pling between two ferromagnetic layers in a finite temperature
range near TN, in which the AF is soft enough to transmit
the F and F* magnons while thermal fluctuations are too
weak to suppress the exchange interactions at the F/AF and
AF/F* interfaces. As regards two more straightforward cases
showing no transitions between the different thermo-magnetic
regimes, ultrathin AF layers mediate strong F-F* coupling
whereas thick AF layers fully decouple the outer F-layers, in
the entire temperature range, even above TN.

IV. CONCLUSIONS

Interlayer coupling via AF spacers in multilayers
Fe*/FeMn(t)/Py (t = 4-15 nm) is investigated. It is shown
that the thickness of the FeMn spacer and ultimately its mag-
netic state play a decisive role in determining the behavior of
the system as regards the interlayer exchange. The observed
temperature and thickness dependence of the interlayer cou-
pling can be explained in terms of the interplay between the
intrinsic AF-ordering and the extrinsic finite-size and proxim-
ity effects.

Particularly strong interlayer coupling with no exchange
bias is observed for the structure with thin FeMn (t < 5 nm)
even at temperatures significantly exceeding the effective Néel
temperature of the spacer (up to 450 K for t = 6 nm, with,
e.g., TN ≈ 320 K for t = 6 nm). We explain this interlayer
coupling as mainly governed by a strong magnetic proximity
effect from the outer Fe* and Py.

The structures with thicker FeMn (t � 6 nm) offer the
possibility of thermal gating of the interlayer exchange, which
is significant only in the vicinity of the Néel point. Thicker
spacers behave as expected of bulk antiferromagnets, offering
strong exchange bias at all temperatures below the Néel tran-
sition.

The established three-region phase space for the interlayer
coupling vs AF thickness should broaden the understanding of
the mechanisms at play in AF-based nanostructures and help
develop devices for antiferromagnetic spintronics.
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