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High exchange-bias blocking temperature in an ultrathin amorphous antiferromagnet system
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We experimentally observed an ultrahigh blocking temperature, above 600 K, in an exchange-biased Fe/FeO
bilayer after field annealing at 773 K. This is far above the 198 K Néel temperature of bulk FeO. By comparing
with an Fe/FeO/Fe trilayer and studying the Fe thickness dependence, we find that the magnetic proximity
effect, due to coupling between the Fe layer and the ultrathin amorphous FeO layer, is responsible for the high
blocking temperature. The realization of high-temperature exchange bias using an ultrathin antiferromagnet
paves the way to further miniaturize magnetic devices for high-information-density applications.
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Introduction. The exchange-bias effect in magnetic multi-
layers produces a shift in the magnetization curve of a soft
ferromagnet (FM) when exchange coupled to a hard antifer-
romagnet (AFM) [1,2]. In modern magnetic devices, such as
magnetic random access memory (MRAM) and spin valves,
exchange bias is crucial as it enables pinning and stabilization
of the magnetization configuration [3-6]. However, exchange
bias occurs below a blocking temperature Ty, and therefore
only a few FM/AFM bilayers, such as FeCo/IrMn, are appro-
priate for applications at room temperature [7]. Furthermore,
since Ty decreases with decreasing thickness of the thin AFM
layer [8—10], typically AFM thicknesses exceed 15 nm. This is
an obstacle to applications requiring high-density integration,
and an open challenge is to realize high 75 with an ultrathin
AFM layer.

When fabricating exchange-biased FM/AFM bilayers, it is
necessary to field cool from above the Néel temperature Ty
[1,2]. Since Ty depends on, and is lower than, 7y for thin
AFM layers [3], increasing Ty is a necessary step towards
increasing Tg. Previous work has found that 7y in thin AFM
layers can be enhanced by coupling to the adjacent FM layer,
for example, in a CoO/Fe;0, system [10] or Fe,Mn;_,/Co
bilayer [11]. Furthermore, when an FeO layer is embedded
between two Fe layers [12], Ty is drastically increased up to
800 K, greatly exceeding the bulk FeO value of 198 K [13].
These observations suggest that a high 73 can be achieved
by increasing Ty through interlayer FM/AFM coupling. One
may therefore expect the magnetic proximity effect at the
interface, which can increase Ty [14,15], to play a role in
achieving high 75. However, since a large number of AFM
spins are required to observe the magnetic proximity effect,
while only a few uncompensated AFM spins couple with the
FM spins in an exchange-biased system [15], 73 enhancement
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via the magnetic proximity effect in bulk FM/AFM systems
has not been realized.

In this Research Letter we experimentally demonstrate
high T3, above 600 K, in an exchange-biased Fe/FeO bilayer
using a 2-nm-thick amorphous FeO layer. To achieve this
result, we find that field annealing at high temperature (773 K)
is crucial. The origin of the increased Ty is the large number of
uncompensated spins provided by the amorphous FeO layer,
which is verified by comparing the Fe/FeO behavior with an
Fe/FeO/Fe trilayer. The fact that Ty is strongly dependent on
the Fe thickness also indicates that the coupling between the
FeO and Fe layers increases the effective 7y via the magnetic
proximity effect. Therefore we demonstrate that the magnetic
proximity effect in an amorphous AFM exchange-biased sys-
tem can produce a high 7g. This understanding may provide
a way to further miniaturize magnetic devices for the purpose
of high-density integration.

Introducing exchange bias in the Fe/FeO bilayer. To
fabricate our bilayers, Fe films were grown by dc mag-
netron sputtering on silicon substrates with a 3-nm Ta buffer
layer at room temperature under an Ar pressure of 0.5 Pa.
A 2-nm-thick amorphous FeO layer was prepared by exposing
the Fe films to high-purity oxygen gas with a pressure of 1 Pa
[16]. The sample thickness was estimated by the growth rate,
measured using a cross-sectional transmission electron micro-
graph (TEM). The uniform thickness of the FeO layer was
confirmed by an energy-dispersive x-ray spectroscopy (EDS)
elemental mapping of the Fe/FeO cross section. A more de-
tailed discussion can be found in the Supplemental Material
[17]. All samples were protected from air contamination by
3 nm of Pt. The amorphous nature of the FeO was confirmed
using a high-resolution cross-sectional TEM, as shown in the
inset of Fig. 1(a). While lattice fringes can be observed in the
Fe layer, they do not appear in the 2-nm FeO layer, indicating
a typical amorphous structure consistent with the disordered
crystalline state of saturated native iron oxide films, which
has been studied by x-ray absorption spectroscopy (XAS)
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FIG. 1. (a) The field annealing temperature dependence of the
magnitude of the exchange-bias field |Hg| and the coercivity Hc
for an Fe(18 nm)/FeO(2 nm) bilayer at room temperature. The
inset shows a high-resolution TEM cross section of the Fe/FeO
bilayer after field annealing at 773 K. (b) Hysteresis loop of an
Fe(18 nm)/FeO(2 nm) bilayer at room temperature (300 K). The
inset shows |Hg| vs the angle 6 between the in-plane applied mag-
netic field and the cooling field H..,. Blue filled squares represent
the measured |Hg| values, and the red curve depicts the |cos 6]
dependence of |Hg]|.

[16]. The amorphous structure of the FeO layer was further
confirmed by grazing incidence x-ray reflectometry (GIXRD)
and a fast Fourier transform (FFT) analysis of the TEM image.
For further details, see the Supplemental Material [17].

To introduce an exchange-bias effect, all the Fe/FeO bilay-
ers (the FeO layer had a constant thickness of 2 nm, and the
Fe layer thickness ranged from 2 to 18 nm) were annealed at
773 K for 30 min in a vacuum furnace under a 6 kOe mag-
netic field. The Fe/FeO bilayers were subsequently cooled to
room temperature in a 6 kOe magnetic field (the magnetic
cooling field). Magnetic measurements were performed us-
ing a Quantum Design superconducting quantum interference
device (SQUID) magnetometer. The main characteristics of
the exchange-bias effect are a shift in the exchange-bias field
Hg of the hysteresis loop along the field axis and an increase
of the coercivity Hc. Hg and Hc are calculated according
to Hg = —(H.; + He»)/2 and He = |H,; — Hez|/2, where Hey

and H,, are the coercive fields of the left and right branches in
the hysteresis loop, respectively. For annealing temperatures
below 773 K we observe no clear hysteresis loop shift or
increase in the coercive field of the Fe(18 nm)/FeO(2 nm)
bilayer at room temperature, as shown in Fig. 1(a). Further-
more, we observed no hysteresis loop shift in an unannealed
Fe(18 nm)/FeO(2 nm) bilayer even at a temperature of 5 K
[17]. This indicates that the effective Ty of the amorphous FeO
layer is around 773 K, since an annealing temperature above
T\ is necessary to produce the exchange bias in FM/AFM
bilayers [3]. This enhanced 7y is consistent with the expected
enhancement due to magnetic coupling at the Fe/FeO inter-
face [12].

The most prominent signature of the exchange-bias effect,
a horizontal hysteresis loop shift, can be seen in Fig. 1(b),
measured in an Fe(18 nm)/FeO(2 nm) bilayer at room tem-
perature (300 K) after field annealing at 773 K. In addition
to the horizontal shift, a hysteresis loop at room tempera-
ture also exhibits a vertical shift of 3.5% of the saturation
magnetization Ms. Such a vertical shift is due to pinned
moments that are not rotated in the applied field [18-20],
indicating a large number of pinned uncompensated spins in
the AFM layer. It is known that an FeO layer obtained by
in situ oxidation has a disordered structure with additional
Fe ions (such as Fe?* sites) [16]. These Fe ions are not an
integral part of the AFM sublattice, leading to a large number
of uncompensated spins in the FeO layer. The magnitude of
the exchange-bias field |Hg| versus the angle 6, between the
in-plane applied magnetic field and the cooling field H.ool,
is shown in the inset of Fig. 1(b). The strength of Hg is
proportional to |cos 8|, which characterizes the unidirectional
anisotropy of the Fe/FeO bilayer [21,22]. The data shown in
Fig. 1(b) demonstrate the exchange-bias effect in the Fe/FeO
bilayer at room temperature.

Role of amorphous FeO in achieving high Tg. The amor-
phous nature of the FeO layer plays an important role in the
high Ty of the Fe/FeO bilayer. This can be seen by compar-
ing the Hg and Hc temperature dependence of an Fe/FeO
bilayer and an Fe/FeO/Fe trilayer. Data extracted from the
Fe(18 nm)/FeO(2 nm) bilayer (annealed at 773 K) hysteresis
are shown as blue squares in Figs. 2(a) and 2(b), between 300
and 750 K. The magnitude of Hg decreases with increasing
temperature and vanishes at a Tz of 700 K, which is much
higher than the 7y of 198 K in bulk FeO [13]. The sign of
Hg changed just below Ty, and the maximum negative value
of Hg occurs at the same temperature as the peak in Hc.
This phenomenon may be attributed to the long-ranged oscil-
latory Ruderman-Kittel-Kasuya-Yosida (RKKY) coupling of
uncompensated spins deep within the amorphous FeO layer,
which also has been observed in Co/CuMn bilayers (a spin-
glass exchange-bias system) near 15 K [23].

The high T, and the sign change of Hg accompanied by
a peak in Hc, all vanish with the deposition of a second Fe
layer on the Fe/FeO bilayer. As shown by the red circles
in Fig. 2, for an Fe(18 nm)/FeO(2 nm)/Fe(1.6 nm) trilayer
(which was also field cooled from 773 K), the magnitudes
of Hg and Hc decrease with increasing measurement tem-
perature, indicating a 7z of 10 K, similar to the previously
reported value of 30 K in an Fe/FeO/Fe trilayer [12]. Fur-
thermore, in contrast to the Fe/FeO bilayer, no clear vertical
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FIG. 2. Temperature dependence of the (a) exchange-bias field
Hg and (b) coercivity Hc of the Fe(18 nm)/FeO(2 nm) bilayer and
the Fe(18 nm)/FeO(2 nm)/Fe(1.6 nm) trilayer.

shift can be seen in the hysteresis loop of the Fe/FeO/Fe
trilayer at any temperature [17], indicating that the number of
uncompensated spins in the Fe/FeO/Fe trilayer is drastically
reduced compared with the Fe/FeO bilayer. This is because
the deposition of Fe on the Fe/FeO bilayer causes the ultrathin
native FeO layer to change from a disordered structure, with
additional Fe ions (such as Fe* sites), to an FeO-like struc-
ture containing Fe?* sites only [16,24]. Unlike a crystallized
AFM exchange-biased system, where uncompensated spins
only reside at the AFM surface, in an amorphous AFM layer,
uncompensated spins also exist in the bulk [20]. The larger
number of uncompensated spins in the AFM layer, which can
couple to the FM layer, leads to a magnetic proximity effect
in the FM/AFM system [15], drastically increasing the Ty
of the amorphous AFM layer. Therefore the amorphous FeO
layer, with its large number of uncompensated spins, plays an
important role in the high 73 observed in the Fe/FeO bilayer.

Fe thickness dependence of Tg. The Hg and Hc temperature
dependence in the Fe/FeO bilayer was measured for Fe thick-
nesses between 14 and 2 nm, as shown in Fig. 3. In all samples
the FeO layer had a constant thickness of 2 nm. For all Fe
thicknesses the magnitude of Hg was found to decrease with
increasing temperature, with Hg — 0 defining 75. As seen by
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FIG. 3. Temperature dependence of (a) Hg and (b) Hc in Fe/FeO
bilayers with Fe thickness fg. ranging from 2 to 14 nm. The inset
in (a) shows Hg as a function of g in the Fe/FeO bilayer at room
temperature (300 K). The inset in (b) shows the hysteresis loop of
the Fe(2 nm)/FeO(2 nm) bilayer at room temperature (300 K).

comparing the curves in Fig. 3(a), the high 7 observed in the
Fe/FeO bilayer is strongly dependent on the Fe layer, decreas-
ing by up to 100 K when #g, was reduced from 14 to 2 nm. As
shown in the inset of Fig. 3(a), Hg in the Fe/FeO bilayer is
inversely proportional to fg., decreasing with increasing #p. at
room temperature (300 K). This behavior has been observed
in most FM/AFM exchange-bias systems [1,2]. In Fig. 3(b)
we see that Hc also decreased with increasing temperature,
approaching the value of a single Fe layer (about 23 Oe in
our study) at temperatures above Tg. The temperature depen-
dence of Hc is more obvious for smaller fg.; as shown in
the inset of Fig. 3(b), a broad hysteresis loop with a Hc of
3.17 kOe is observed in the Fe(2 nm)/FeO(2 nm) bilayer at
room temperature. The enhancement of Hc compared with a
single FM layer at temperatures below 7p has been observed
in most FM/AFM exchange-bias systems and is generally
believed to result from exchange coupling of the FM to the
larger-anisotropy AFM [1-3].

Figure 4(a) shows the saturation magnetization as a func-
tion of temperature, M(T'), for unannealed Fe/FeO bilayers
with different 7z, (2-18 nm). The applied magnetic field for
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FIG. 4. (a) Temperature dependence of the magnetization M (T)
in Fe/FeO bilayers, for g, from 2 to 18 nm. (b) #g evolution of Tc
and Ty in the Fe/FeO bilayers. The solid line is plotted according to
Eq. ().

these measurements was 200 Oe, which is high enough to
saturate all the samples. Since annealing is not necessary
to produce the magnetic proximity effect [14,15,25,26], the
M (T) curves of the Fe layer are still influenced by coupling to
the FeO layer, even for unannealed Fe/FeO bilayers. From
the magnetization curves we can determine the Curie tem-
perature T¢ of all samples (since the uncompensated spins in
the FeO layer have a small magnetization contribution). As
tre 1s reduced, the Curie temperature progressively decreases.
The downward shift in T¢ with decreasing thickness is the
result of finite-size scaling due to the limitation in the cor-
relation length as the film thickness becomes smaller than
the bulk correlation length [27-29]. The correlation length
has a power-law temperature dependence, £(T) = &y[l —
T /Tc(00)]~'/*, where & is the extrapolated correlation length
atT = 0K, Tc(00) is the bulk Curie temperature, and A is the
shift exponent for the finite-size scaling. It follows then that
the Curie temperature of a thin layer of thickness ¢ varies as

weoon (17,
Tc(00) &o

Tc as a function of fg. in the Fe/FeO bilayer can be described
by Eq. (1) as shown in Fig. 4(b), with A = 1.59, Tc(c0) =
920 K, and &, = 1.7 nm, where all parameters have been
treated as fit coefficients. The value of A = 1.59 is in agree-
ment with the value of A = 1.5584 for Ising systems [30],
while the value of T-(00) = 920 K is close to the 1045 K bulk
Curie temperature of Fe [31]. &y = 1.7 nm is quite close to the
values of &y = 1.8 nm for AFM CoO [28] and &, = 1.9 nm for
spin-glass CuMn [32] but is much larger than the angstrom
order of magnitude for Fe thin films [33]. The large value
of & leads to a significant decrease in T¢, which can be
observed even for tge = 6 nm, as shown in Fig. 4(b). This is
in contrast to single Fe films, where T¢ does not deviate from
the bulk value until the films are only a few atomic layers
thick [33-36]. This nanometer enhanced correlation length
can be attributed to coupling between the Fe layer and the
adjacent amorphous FeO layer, which also has been observed
in Fe/Fe( 3,V ¢s superlattices [37].

Uncompensated spins exist not only at the surface of the
amorphous FeO layer but also in the bulk [20]. Furthermore,
since the 2-nm-thick amorphous FeO layer is smaller than
the 3.5-nm FM/AFM interaction length [38], all of the un-
compensated spins in the amorphous FeO layer can couple
with the Fe layer. The large number of AFM spins coupled to
the FM layer leads to a large proximity effect in the Fe/FeO
bilayer [15], drastically increasing the effective Ty of FeO.
As a result, an obviously enhanced Ty can be observed in the
Fe/FeO bilayers as shown in Figs. 2 and 3. Furthermore, since
this high 7y depends on the magnetic ordering of the Fe layer,
Ty tracks T¢, and they both decrease as #g. decreases, as shown
in Fig. 4(b). The tg. dependence of Ty is also evidence that
the magnetic proximity effect is responsible for the high Tg.
Using mean-field theory [39], the ordering temperatures (¢
or Ty) approach each other as a function of the relative Fe and
FeO thicknesses. Since the FeO layer had a constant thickness,
changes in tp. influence the effective Ty of the amorphous
FeO layer. As a result, the Tz of the Fe/FeO bilayer also
changes with fg., indicating that the magnetic proximity effect
is responsible for the high 7.

When compared with other high-75 exchange-biased sys-
tems [40-48], the 2-nm amorphous FeO thickness reported
here is the smallest by a prominent margin (see Fig. 5). Most
of the high-7Ty materials that have been reported are Mn al-
loys where the high 7y originates from a high bulk AFM
magnetic ordering temperature. However, the Tz of these
materials usually decreases as the AFM thickness decreases,
while Ty does not change. For example, neutron diffraction
studies of MgO(3 nm)/CoO(3 nm) [49] have shown that
Tn = 305 £ 10 K. Therefore Ty is much lower than the bulk
Ty for very thin AFM layers in these systems [8,9]. It has
been suggested that the 7 reduction is related to a weakening
of the spin-spin interaction in the thin AFM layer [50]. In
contrast, amorphous materials, which are highly uniform and
free of point defects, have disordered atomic structures that
can modulate the atomic specific density, resulting in regions
of larger exchange coupling, making them ideal for magnetic
heterostructures [51-55]. Moreover, since the magnetic order-
ing depends on the T¢ of the Fe layer, the amorphous FeO
can have a large effective Ty at low thickness. Therefore a
large Ty can be expected in exchange-biased systems using an
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FIG. 5. Comparison of blocking temperature 7z and AFM thick-
ness in the Fe/FeO bilayer with previously reported data for high-Ty
exchange-biased systems [40—48].

ultrathin FeO film. In more general terms, an ultrathin FeO
layer obtained by exposure of an Fe film to oxygen gas can
induce a large Tp far greater than room temperature and can
lead to the realization of high 73 in ultrathin metal oxide films,
such as NiO, CoO, and Cr,0s5.

Conclusions. In summary, we experimentally demon-
strated a high exchange-bias blocking temperature with an
ultrathin amorphous FeO layer on an Fe layer. We have out-
lined the key process of high-temperature annealing to achieve
the high blocking temperature, which might be useful in prac-
tical applications. Moreover, this work lays the groundwork
for future studies, such as the exploration of the magnetic
proximity effect to enhance the blocking temperature of vari-
ous miniature spintronic devices.
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