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FIG. 3. (a) Bright-field (left) and (b) dark-field TEM (right) micrographs taken of the hematite surface without permalloy deposition
showing a highly nanocrystalline hematite material with grain sizes in the 2 to 16 nm range.

adequately with the local thicknesses found from the TEM
cross section. The chemical composition and number density
of Fe, O, and Ni ions in the x-ray model are in agreement with
the values for bulk hematite and permalloy. The interfacial
roughness can be quantified from the XRR fits as 0.4 £ 0.2 nm.
Figures 3(a) and 3(b) are the bright-field and dark-field TEM
images, respectively, taken ex situ for the hematite surface,
showing a highly nanocrystalline material with small grain
dimensions ranging between 2 and 16 nm. The scarcity of
bright spots in the dark-field image indicates that relatively
few of the hematite grains simultaneously meet the diffraction
condition suggesting an untextured arrangement of hematite
grain orientations. Figure 4 shows a histogram of the grain
size distribution in the hematite layer found by performing
a particle analysis of the dark-field TEM using the IMAGEJ
software suite.>> The mean grain area is found to be 13 nm?.
Ex situ AFM of the top «-Fe,O3 interface was conducted
by depositing a trial «-Fe,O3 layer, without depositing the
subsequent NigyFe,( layer, with the result shown in Fig. 5. A
rms roughness of 0.2 nm was found across a 1-pm region of the
sample, which is in agreement with the value for the buried
interface derived from the XRR fit. Figure 6 is the electron
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FIG. 4. Grain-size distribution derived from a 1000-nm-square
area dark-field TEM image using threshold particle analysis. (Inset)
Analyzed particles.

and x-ray diffraction pattern for the thin film. The electron
diffraction pattern gives lattice constants of a = 5.02 A and
¢ =13.93 A which are slightly altered relative to the bulk
hematite values of a = 5.04 A and ¢ = 13.77 A. The weak
peaks in the x-ray diffraction in Bragg-Brentano geometry in
Fig. 6 are due to the small thickness of the film combined
with the lack of a strong crystalline texture, suggesting that
both layers are predominantly nanocrystalline, although the
permalloy has a weak (111) columnar texture.”> The XRD
result is similar to other films studied elsewhere using similar
deposition techniques.** Although there is a sharp Bragg
peak in the vicinity of the «-Fe,O3; (104) reflection, this is

attributed to secondary scattering leading to a virtual Si(200)
peak.®

B. Room-temperature magnetic properties

Figure 7 is the magnetic hysteresis of the sample measured
at 300 K. At room temperature, the bilayer system shows
a low coercive field which is typical for a single permalloy
film in the unbiased state. Previous groups have reported a
significant exchange bias field and fourfold anisotropy at 300 K
for epitaxial NiggFey/a-Fe,O3 films.?? These features are
not seen for our small, randomly orientated granular system.
Whereas the previous group reported exchange bias of up

FIG. 5. (Color online) Atomic force microscope image of a
typical «-Fe,O; underlayer before NigoFe,;, deposition. The rms
roughness value is 0.2 nm before permalloy deposition.
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FIG. 6. (Color online) X-ray diffraction pattern in Bragg-
Brentano geometry using Cu-Ko radiation. The inset shows the
electron diffraction pattern.

to 40 Oe for their system, the maximum loop shift for our
as-prepared sample is 4 5.0 Oe, which is smaller than the
zero-point error in our PPMS system (10 Oe) and, therefore,
must be considered to lie within experimental uncertainty.
Magnetic field annealing (MFA) by heating the sample to
360 K, and applying a 20-kOe field for 60 min, did not
appreciably alter the loop shift on cooling to 300 K, although
the coercivity was decreased.

Figure 8 is the polarized neutron reflectometry patterns for
the bilayer at 5 kOe and 300 K. Good fits to the data can be
generated using the parameters listed in Tables I and II, where
the differences between the two models are discussed in detail
later. In the simpler model, described in Table I, hematite has
a zero moment, whereas a large 0.96 u p per formula unit (FU)
moment is found in the ferromagnetic permalloy consistent
with the bulk saturation value known for permalloy.

To check if a weak ferromagnetic moment throughout the
hematite layer could be enhanced in high magnetic fields,
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FIG. 7. (Color online) Room-temperature magnetometry. (Inset)
Enlargement of the low-field region.
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FIG. 8. (Color online) Room-temperature polarized neutron re-
flectometry patterns with fits according to model 1 and model 2 with
parameters x = 1.0 nm, M = 0.75 up per Fe atom, as discussed in
the text. Error bars lie within symbols. The arrows indicate the trend
for how the two models differ.

we collected a polarized neutron reflectometry pattern at
30 kOe (not shown) at the same temperature. The high-field
measurement at 30 kOe was found to be similar to the low-field
measurement in that both could be best fitted using the model
of near-zero moment in the bulk part of the hematite. In this
way, the PNR shows that, even at high fields, the nanoscale
hematite thin film does not have a bulk magnetic moment
that is detectable by neutron reflectometry (<0.05 pp per
Fe atom) which is consistent with the low moment known
for bulk and nanoparticle hematite in the weak ferromagnetic
state.!>!° These measurements also rule out the possibility
of sizable magnetic impurity clusters and stand in contrast
to a recent report on an iron oxide thin film which found
an anomalous 0.5 pp moment per Fe atom in a nominally
antiferromagnetic layer.>> Despite the near-zero moment in
the bulk of the hematite, a more complex magnetic structure
which includes a net moment concentrated in the interfacial
region of the hematite yields a better fit to the data with the
range of parameters in Table II.

Figure 8 compares the fits using the two models, where, in
both cases, the same nuclear scattering-length density profile
was adopted from the layer thicknesses, the compositions and
interface roughnesses derived from the x-ray reflectometry and
cross-sectional TEM results, and only the magnetic moment
was allowed to vary as a free parameter. Visually, the effect
of including the uncompensated interface moment is clearly
detectable, even on a logarithmic scale, and results in an
improved fit in the Q. region between 0.06 A~! and 0.09 A~!.
Figure 9 shows the residual error ry for a range of fits with
different magnitudes of induced magnetism at the hematite
interface, where ry has been calculated by the SIMULREFLEC

32 3 — Rexp(Qz)_Rcalc(Qz) 2
software’~ using the formula ry = Z[—Rexp(QJ +Rcalc(Qz)] to
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TABLE I. Best-fit parameters to polarized neutron reflectivity data at 300 K for model 1, with only one magnetized layer.

Layer Thickness (nm) Roughness (nm) /o per formula unit
Nig()Fez() 13.15 1.03 0.96

Fe,0; 14.58 0.46 0

SiO, 98 0.35 0

Si Infinite 0.5 0

sum the differences between the experimental and fitted points
across the entire Q, range for the reflectivities in both spin
channels. For the high-field and room-temperature data, the
minimum error clearly occurs at a nonzero interfacial moment,
showing that the overall error of the fit can be lowered by
including an induced moment in the hematite within 1 nm of
the interface, with a magnitude of 0.5-1.0 up per Fe atom for
the 300 K, 30 kOe data. According to current understanding
of exchange bias, the interfacial exchange coupling between
ferromagnetic and antiferromagnetic spins, along with the
external field, can potentially overcome the antiferromagnetic
exchange forces and lead to an induced polarization of the
antiferromagnet, where 1-15% of the per-site AF moment can
be polarized near the interface due to the formation of antiphase
domains®® or spin canting.>” Hematite has 4 up per Fe atom, '3
and, therefore, the experimentally fitted magnetic moment is
consistent with the polarization predicted by such models.
Precise measurement of the weak induced moments at an an-
tiferromagnetic interface remains challenging using polarized
neutron reflectometry.>® However, there is a growing body of
evidence using polarized neutron reflectometry***! and other
experimental techniques**~* that confirms these net moments
exist in a wide range of exchange bias systems, although the
origin, length scale, and magnetic concentration still remain
under debate. To illustrate this point, Fig. 10 is the contour plot
of the dependency of the relative fit error Ary = W,
where ry (M, x) is the fit residuum calculated for a combination
of x interface thickness (nm) and M magnetic moment (i p
per Fe) and ry is the lowest error taken from the point at
M =0.75 up per Fe and x = 1.0 nm. From the roughly
triangular area enclosed in the first contour, it is clear that
a range of different combinations of induced layer thickness
(x) and magnetic moment give a good fit where the relative
error lies in the 0-5% range, which can be taken as reasonable
estimate of uncertainty.* From this region, it appears that a
range of fits with low error can be generated where x is in
the range 0.75-2.1 nm and the maximum magnetic moment
is roughly proportional to % (nm pp). The upper limit of a
2-nm induced moment seems to be of surprisingly long range

compared to the other induced moments.*> On the other hand,
a recent theoretical result showed that the Dzyaloshinsky-
Moriya interaction should enhance the interfacial moment
in exchange bias systems with canted antiferromagnets,’’
and, moreover, bulk hematite shows coherent spin canting
over multiple atomic monolayers."”>!> The effect of strong
interfacial spin canting was previously inferred from the
magnetometry results on similar «-Fe,O3 films.”®> In bulk
hematite the canting angle is very small'® (20.1°), but the
maximum interface-spin canting angle for the hematite thin
film studied here needs to be signifigantly higher (&7-
15°) to be consistent with the neutron data, in which case
the interfacial antiferromagnetic spins would have a more
significant effect on exchange-coupled ferromagnetic spins.
Admittedly, neutron reflectometry cannot uniquely determine
whether an interfacial moment originates from noncollinear
spin canting or a small percentage of collinear uncompensated
spins, since it measures only the net moment. However, in this
case, it provides insight that it is iron-oxide spins, rather than
permalloy spins, that behave differently, because altering the
nuclear scattering-length density of the interlayer worsened the
fit. This suggests that it is unlikely that chemical interdiffusion
or formation of foreign magnetic interface phases could
explain the experimental observations.?® Moreover, decreasing
or increasing the permalloy moment within 1-2 nm of this
region increased the error. Despite the probable existence of
an induced interface moment, significant exchange bias is not
seen in the magnetic hysteresis. The best explanation for this
is that, at 300 K, our sample lies above the Morin temperature
which occurs at <100 K for nanocrystallites, whereas the
other group stated that, for their strained epitaxial films, this
transition is enhanced to 400 K.??> Similar suppression of
the exchange bias temperature has been reported previously
for nanostructured hematite systems.>* The absence of ex-
change bias, even in the presence of an interface moment,
is not altogether surprising since the Morin transition is
concurrent with a sizable increase in the uniaxial anisotropy®
of hematite towards low temperature, which in turn, stabi-
lizes antiferromagnetic order within the small grains against

TABLE II. Best-fit parameters for polarized reflectivity data at 300 K for model 2, with two magnetic layers, including an induced magnetic

region at the hematite interface.

Layer Thickness (nm) Roughness (nm) wp per formula unit (FU)
NigoFezo 13.15 1.03 0.96

Fe,O; interface 0.75 > x €2.1 0.46 0.1-2.25

Fe,0; (14.58 — x) 0 0

SiO, 98 0.35 0

Si Infinite 0.5 0
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FIG. 9. (Color online) Improvement of neutron fit residuum 1,
with altered hematite interface moment at 300 K and 5 K. Data are
the difference between the fit and data calculated in the SIMULREFLEC
software for the model with x = 1.0 nm. The vertical black lines
denote the fitted position of the minimum error for the connected
data set.
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superparamagnetic activation, reversal,”® and canting. If
the magnetocrystalline anisotropy of antiferromagnetic spins
is sufficiently low, canted antiferromagnetic spins can be more
easily polarized through coupling to ferromagnetic neighbors
but concurrently provide less of an energy barrier during
reversal.** The uniaxial anisotropy of bulk hematite has a
near-zero value at room temperature due to the cancellation
of the single-ion and dipolar sources of anisotropy.®>’ For
nanoparticles of <10 nm, it is well known that the Morin
transition is suppressed, sometimes to below 4 K," and the
case is also true for mesoporous hematite solids.'® Our films
show a magnetic transition below 100 K,** which could be
interpreted as the Morin spin-flop, and is concurrent with the
onset of exchange bias.

C. Low-temperature magnetic properties

Figure 11 is the temperature dependence of the fully trained
magnetic hysteresis starting from lower temperatures. Fully
trained means that the sample was field cycled at least 5 times
prior to the first measurement. After field cooling in + 20 kOe
from 300 K to 5 K, a strong negative exchange bias of
Hgg = —200 Oe appears. The inset of Fig. 11 illustrates
that the exchange bias decreases sharply above 10 K and
vanishes by 40 K. A small feature appears in the saturation
magnetization near the blocking temperature. In fact, the
saturation is almost constant over the 5-300 K temperature
range, corresponding to a value of 800 & 30 per emu/cm? of
permalloy. However, as previously noted,”® there is a small
downturn in the magnetization below 40 K followed by a

PHYSICAL REVIEW B 86, 054408 (2012)
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FIG. 10. (Color online) Contour plot of the relative changes in
the fit error Ary = ’U(Mr& versus the depth and magnitude of the
induced moment at the antiferromagnetic hematite interface for the
300 K, 30 kOe data set. The roughly triangular area enclosed in the
first contour is the range of best-fit parameter combinations. The X
marks the position of the minimal value taken for ry.

sharp up-turn towards lower temperatures. The small downturn
corresponds to a loss of magnetization of approximately
10 emu/cm3, close to the loss of weak-ferromagnetism
occurring for hematite nanograins at the Morin temperature.'
Below this kink, there is also an increase towards lower
temperatures that was previously attributed to increased spin
canting at the interface.”® An equally feasible explanation is
that a proportion of the smaller hematite grains lie beneath
the critical size threshold for the Morin temperature and
are trapped in the unblocked weak ferromagnetic state giving
the increase of saturation.'> These experimental features, and
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FIG. 11. (Color online) Temperature dependence of fully trained
exchange-biased loop after field cooling from 300 K to 5 K in 20 kOe.
(Inset) Comparison of the magnitude of the exchange bias of the film,
recorded after field cooling to 5 K and subsequent heating, with the
magnetic moment recorded during cooling in a field of 20 kOe.

054408-6



EXCHANGE BIAS IN A NANOCRYSTALLINE . ..

0
10° — 17— F
] 12 _ _ _  ——Nuclear - E
] \ — - Spinup I
] — -+ Spindown | [
1 W N 3
2 | oL
c 103 é
10°4 e R, data L
i O R.data E
1 — R++ Model 2 Fit L
4 —— R-- Model 2 Fit L
107 3 3
T T T T
0.02 0.04 0.06 0.08

Q/A"

FIG. 12. (Color online) Neutron reflectivities at 5 K and 5 kOe.
Error bars lie within symbols. (Inset) Scattering length density profile
derived from the fit.

the onset of exchange bias, agree well with the previously
published magnetometry data on similar films.>? Figure 12
shows the fitted magnetic depth profile for the fully trained
system obtained by neutron reflectometry at 5 K after
field cooling in 20 kOe. Despite the dramatic alteration of
macroscopic magnetic hysteresis due to exchange bias, the
experimental magnetic depth profile is similar to that of the
room-temperature measurement, suggesting that the bilayer
only changes very subtly in the exchange bias state. As for
the room-temperature state, the data at low temperature is
consistent with a hematite interface moment, although, in
this case, the upper limit of the magnitude of the interface
moment per Fe atom for the 5 kOe data is reduced to %%
(up nm), where x is the thickness in nanometers. This is
understood from the comparison of the fit minima in Fig. 9.
The result shows that the magnitude of the uncompensated
moment within the antiferromagnetic compound cannot be
directly correlated with the strength of exchange bias. The
Morin transition to the true antiferromagnetic state would
result in the tendency to reduce canting; on the other hand,
the remaining uncompensated spins would have an increased
anisotropy.® Both factors are necessary for exchange bias.*’*
The smaller interfacial moment at low temperature suggests
the best explanation for the up-turn in the magnetization
beneath the transition temperature is not increased spin canting
but rather the interplay of superparamagnetic behavior with
the intrinsic weak ferromagnetism of bulk hematite spins in
grains too small to undergo the Morin temperature. From
the literature on similarly sized hematite nanoparticles, the
weak ferromagnetic behavior would give a moment of only
0.5-5 emu/g,'>!"? corresponding to a maximum of 0.05 5 per
formula unit, which is consistent with the near-zero moment
found in the neutron fits.

PHYSICAL REVIEW B 86, 054408 (2012)

D. Magnetic training and reversal mechanism at 5 K

Figure 13 shows five successive hysteresis loops taken
after field cooling to 5 K. Even at this low temperature,
the exchange bias appears to be unstable, showing training
effects for subsequent reversals. The first loop shows an abrupt,
steplike decrease similar to that seen in Co/CoO exchange
bias systems.’'>3 In Co/CoO it is reported that all loops
after the second are essentially identical,’>>* whereas for the
hematite system, the subsequent four loops have a similar
shape but display systematic differences in coercivity and
loop shift. The fourth and subsequent loops are identical
within the uncertainties of experimental measurement. The
high degree of training even at low temperature may indicate
the unavoidable activation of small grains during magnetic
reversal, which in turn prevents the usage of a measurement
procedure such as the York protocol.*” This makes the
reproducibility of the measurements closely dependent on the
magnetic history and precise measurement sequence used.
Numerical models have shown that training can result from
an irreversible spin-flop of the antiferromagnetic order in the
first reversal,*’->* followed by areversible thermal activation of
antiferromagnetic grains on subsequent field cycling for sys-
tems with lower antiferromagnetic anisotropy.*’ Other groups
reported that the magnetic reversal mechanism occurring at
the first and second reversal points is asymmetric in many
exchange bias systems such as Co/Co00,’'* Fe/MnPd,>
Fe/FeF,,® and MnF,/Fe.’’ This supports the idea that an
irreversible change occurs at the antiferromagnetic interface
during the first switch, which subsequently affects the fer-
romagnet’s reversal mode. However, there appears to be a
divergence in the literature concerning the details for different
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FIG. 13. (Color online) Magnetic training of permalloy/hematite
interface at 5 K after field cooling from 300 K in + 20 kOe. The
neutron spin asymmetry (SA) at g = 0.028 A~ has been plotted
over the trained magnetometry loop at 5 K. Both the spin asymmetry
and magnetization have been normalized by the value measured at
saturation.
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systems, suggesting that the ultimate reversal mechanism
may not be universal. Certain groups have reported domain
wall motion at the first switching point and some form of
spin rotation for the subsequent reversals in Co/Co0.%'~>3
However, the opposite seems to be true for MnF,/Fe>® and
Fe/MnPd> systems. In many of the papers mentioned, the
details regarding the precise level of training, and measure-
ments subsequent to the second reversal, were not explicitly
given but the trained behavior was usually inferred from the
second switching point (which technically still belongs to the
untrained loop). In this work, we deliberately compared the
magnetic depth profile derived from PNR at the first and
second switching points of the untrained (Hy and H;) and
trained loops (H, and H3). Short scans at a single angle were
used to locate the position of the coercive field, which in each
case corresponded to the vanishing of the spin asymmetry.
Adequate agreement was found between the magnetometry
and neutron spin asymmetry for the sample, as shown in
Fig. 13. The magnetic field points where full reflectometry
patterns were collected are labeled as Hy_s. Figure 14 shows
the neutron reflectometry patterns for the coercive fields Hj,
H,, and H;. A strong trend emerged for the second and
subsequent reversals whereby the majority of ferromagnetic
magnetic moments pointed at almost 90° to the field. It is
important to note that data sets for all three fields have been
overplotted here to emphasize the high degree of symmetry at
the left and right coercive fields for the trained loop. Fitting
the SF signal gave a moment of 0.96 wp per formula unit
for the permalloy rotated in-plane to an angle of 86+ 3°
with respect to the applied field. The fitted magnetization
angle for the various fields is summarized in Table III. The
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10 3 3
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FIG. 14. (Color online) Non-spin-flip and neutron spin-flip
reflectivities at points H;, H,, and H;. The appearance of the neutron
spin-flip intensity (green triangles) is due to a large proportion of
ferromagnetic spins aligning perpendicularly to the applied field
throughout the permalloy layer. The situation is nearly identical at H;
and H;.
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TABLE III. Summary of fitted magnetization angles for different
fields during magnetic reversal at 5 K in the trained, field cooled state.

Field point NigoFe» magnetization per formula unit Angle
H, 0.96 up 86
H; 0.96 up 84
H4 0.96 UB 0
H; 0.9 ug 74

appearance of a strong specular neutron spin-flip signal for
the second and subsequent reversal, along with the near 90°
angle and full permalloy moment, suggests that the permalloy
reversal proceeds via spin rotation involving the majority
of ferromagnetic spins with a low dispersion of domain
magnetization directions. This stands in contrast to those
systems in the literature where the second, and presumably
subsequent, reversals occurred by domain wall motion evident
in vanishing neutron spin-flip intensity>®>’ but agrees with
the case of rotating domains found in Co/Co00.>'3 In that
case, however, a wider dispersion of angles,”* along with
diffuse scattering,”>® was found to correspond to smaller
ferromagnetic domains undergoing incoherent rotation. Figure
15 compares the field dependence and magnitude of the
integrated neutron spin-flip signal for the first two reversals
across Hyp and H,. The neutron spin-flip signal for the first
reversal appears in a stepwise fashion, whereas subsequent
reversals are symmetric across the coercive field point. This
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FIG. 15. (Color online) (Top) Integrated neutron spin-flip signal
at fields near the coercive fields of first and second reversal points of
the untrained loop, Hy and H;. The larger neutron spin-flip intensity
for the second reversal indicates a higher degree of coherence in
the rotation with less loss of magnetization to domains parallel to
the field. (Bottom) Simplified diagram of the sequence leading to
the ferromagnetic spin-flop state at the first and second coercive fields
H() and H,.
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suggests an abrupt change in mechanism of reversal on
passing through the first coercive field. A weaker neutron
spin-flip signal is seen for the first switching point of the
untrained loop at Hy with respect to the second reversal at
H;. The lower neutron spin-flip signal for the first reversal
suggests a higher dispersion in the orientation of ferromagnetic
domains,>® implying a competition between the motion of
domain walls parallel to the field with the rotation of spins
within those domains. The non-symmetric reversal mechanism
between the first and second switching points is a common
feature of exchange bias systems.’?>%%-60 In the hematite
system, the steplike increase towards a 90° arrangement of
spins during the first reversal—is suggestive of an abrupt spin
reorientation of ferromagnetic spins near the coercive field,
followed by a slower rotation away from this configuration
with increasing fields. This so-called ferromagnetic spin-flop
state>* was predicted for the NiggFey/a-Fe,O3 system>* in
accordance with Koon’s model,®" where a low-energy state
could be stabilized with ferromagnetic spins at 90° to the
applied field, as illustrated schematically in the bottom section
of Fig. 15. In that work, this was supposed to occur only
for specific interface spin structures corresponding to certain
crystallite orientations;2* however, our experimental result for
the polycrystalline hematite film suggests an abrupt transition
to this state affecting the majority of ferromagnetic spins
during the first reversal, and a growing tendency to linger in
this energetically favorable state during subsequent reversals,
resulting in coherent rotation for the trained loop.>*

IV. CONCLUSIONS

We have provided a comprehensive set of experimental
measurements regarding the microstructure and magnetic
properties of nanocrystalline permalloy/hematite thin films.
These results show conclusively that no significant magnetic
impurities or magnetic foreign phases occurred within the
bulk of the antiferromagnet and, therefore, eliminate this as

PHYSICAL REVIEW B 86, 054408 (2012)

a possible explanation for exchange bias. A strong exchange
bias for the nanocrystalline case was found below 40 K and
was actually enhanced in magnitude relative to epitaxial films
of similar compounds and thicknesses.?* The reduced blocking
temperature and enhanced exchange bias can be attributed to
finite-size and disorder effects for nanostructured hematite.
Fitting of the polarized neutron reflectometry patterns show
that the data are consistent with an interfacial layer of weakly
magnetic spins formed at the antiferromagnetic interface above
and below the exchange bias blocking temperature. A detailed
error analysis was performed showing that a variety of different
interface-depth profiles could describe the data equally well.
An asymmetric reversal mechanism was found in the untrained
exchange bias state for the descending branch compared to
the ascending branch. The reversal mechanism of the trained
sample at low temperature was found to be symmetric for both
the ascending and descending branches proceeding via an in-
plane spin rotation. To fully explain the phenomena observed
here experimentally for the hematite/permalloy interface, a
theoretical framework is required that moves beyond the
magnetic properties known for bulk hematite and considers the
effect of finite grain-size and temperature-varying anisotropy.
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