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Antiferromagnetic Ordering and Uncoupled Spins in
CaFe,O, Thin Films Probed by Spin Hall Magnetoresistance

Silvia Damerio, Alexey A. Kaverzin, Vdclav Ocelik, Geert R. Hoogeboom, Bart J. van Wees,

and Beatriz Noheda™>

CaFe,0, is a uniaxial antiferromagnet displaying two coexisting magnetic
orderings, A and B, characterized by Tl and T T! spin modulation,
respectively, and the emergence of a net magnetization in a limited tempera-
ture range, which is not yet understood. The spin Hall magnetoresistance
(SMR) is probed at the interface between Pt and CaFe,O, and the crystallo-
graphic domain structure of thin film samples is exploited to perform single-
and multi-domain scale measurements. The SMR response, upon rotating the
magpnetic field along three orthogonal planes, shows little effect of the strong
magnetocrystalline and shape anisotropies. Together with the response to a
varying magnetic field strength, the modulations in the SMR signal allow to
extract two contributions: one corresponds to the long-range antiferromag-
netic ordering, supporting a single ground state scenario; while the second
contribution originates from uncompensated, non-interacting spins. These
are expected to exist at the antiphase boundaries between antiferromagnetic
domains. Here, it is shown that these are also uncoupled from the antifer-
romagnetic ordering. Nonetheless, the long range correlations that emerge

in the proximity of the critical antiferromagnetic transition can give rise to
ordering of the uncompensated spins and be responsible for the net magneti-

for complex functionalities.l!! This is made
possible by the availability of a wide variety
of different AF structures arising from
the interplay of exchange interactions
between spins with multiple strengths
(). In addition, antiferromagnets can dis-
play strong magnetoelastic coupling, insu-
lating behavior, zero stray fields and THz
dynamics, which all make them promising
candidates for the next generations of spin-
based technologies.’ The absence of net
magnetization in these materials brings
the need to control and probe the AF state
using indirect methods, such as via elec-
trical manipulation and reading of the spin
texture.l> 8l Recently, this has been imple-
mented in spintronic devices via the inter-
conversion of a charge current into a spin
current at the interface between a heavy
metal (HM) and a magnetic insulator (MI)
by means of the spin Hall magnetoresist-
ance (SMR) effect”) SMR measurements

zation observed in this antiferromagnet.

1. Introduction

The use of antiferromagnetic (AF) materials as active elements in
devices is increasingly attracting interest, as it offers the possibility
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are not only the first step to assess the pos-

sibility of spin injection in AF insulators,

but also a powerful tool to characterize the

magnetic structure of the material as they
give access to the local spin structure, differently from most other
techniques.!1015]

In this paper we report the use of SMR measurements in
order to characterize the antiferromagnetic oxide CaFe,O,. This
material crystallizes in an orthorhombic lattice with the Pnma
space group. In this structure, the Fe3* ions are arranged in a
honeycomb pattern and form zig-zag chains running along
the b-axis, which is the magnetic easy axis. Oxygen atoms in
octahedral coordination connect the Fe** spins and mediate
the magnetic super-exchange interaction. Intra-chain FeO,
octahedra share corners, leading to strong antiferromagnetic
coupling (/3 and J,), while the inter-chain connection, through
edges, is weaker (J; and J,) and close to the cross-over between
positive and negative.'®l This leads to the observation of two
competing magnetic structures, termed A and B, that differ
in their the c-axis stacking of spin chains; TL T (B phase) and
TTIL (A phase).”] Although the first report on the magnetic
structure of CaFe,0, dates back to the 1960s,'® different mech-
anisms for the A/B coexistence have been proposed, with some
authors showing coexistence of both A and B down to low tem-
perature,l”1 while others found coexistence only close to the
Néel Temperature (Ty) of approximately 200 K.2% In addition,

© 2021 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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a net spontaneous magnetization, whose origin is still under
debate, has been measured in CaFe,O, crystals, ceramics and
thin films, peaking at around 120 K.>?! The discrepancies in
the observed magnetic behaviour have been attributed to dif-
ferent degrees of strain in different samples.?? In a recent
work[?!l we have synthesized epitaxial CaFe,O, thin films for the
first time. These films show many of the puzzling features pre-
viously reported for single crystals, such as net magnetization,
but display a single phase transition (see Supporting Informa-
tion). In addition, the films reveal a unique domain structure,
which raises questions about the contribution of domain walls
to the magnetic responses. Therefore, complementing previous
results with magnetic data on thin film samples could help to
clarify the nature of the ordering in this material.

In this work, the combination of transport measurements
with an in-depth study of the crystal structure of the films by
means of electron back-scatter diffraction (EBSD) allows to
probe the ferromagnetic and antiferromagnetic response locally
for each structural domain and globally for multi-domain
devices. The experiments reveal emergent behavior that
cannot be trivially explained by a purely antiferromagnetic spin
configuration nor by the domain structure of the samples and
support the hypothesis of the presence of a field induced magne-
tization in addition to a single antiferromagnetic ground state.

1.1. Introduction to the Spin Hall Magnetoresistance

In SMR measurements, an in-plane charge current in the HM
generates a perpendicular spin current via the spin Hall effect
(SHE) that, in turn, leads to a spin accumulation at the interface
between the HM and the MI. If the direction of the magnetic
moments in the MI has a component perpendicular to the spin-
polarization of the spins, the spin current is partially absorbed
through the spin transfer torque, leading to a high longitudinal
resistance state in the HM. On the other hand, if the magnetic
moments are collinear with the accumulated spin-polarization,
the spin current is reflected at the NM/MI interface and converted
into an additional charge current via the inverse spin Hall effect,
yielding a state of lower longitudinal resistance in the HM.[?3!

By now it is well established®™>?4 that the SMR provides
unique information about the magnetic state of (anti-)ferromag-
nets near the interface with the heavy metal. For in-plane mag-
netic field rotation, the FM response (positive SMR amplitude)
is out of phase with respect to the AF one (negative SMR ampli-
tude). In the case of a ferromagnet, the magnetization (M) aligns
with the magnetic field (H), leading to a cos?(c) modulation of the
longitudinal resistance (R;), with o being the angle between the
directions of H and the current (). The resistance is, therefore,
maximum when the spins are parallel to the current direction
(o = 0°, which defines positive SMR). In transverse geometry,
the resistance follows a sin(@)cos(@) modulation,®! which is 45°
shifted with respect to the longitudinal one.

On the other hand, when a magnetic field is applied to a uni-
axial antiferromagnet, different mechanisms can influence its
magnetic order, depending on the field direction and amplitude
compared to the magnetic anisotropy and exchange interac-
tions. If a large enough magnetic field is applied along the easy
axis, a spin-flop transition occurs,®! which results in an orienta-

tion of the Néel vector (L) of the AF ordering perpendicular to
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the field direction. Rotating the magnetic field can then have
two effects: either it induces a rotation of L in the individual
AF domains along with H and, in the presence of multiple ener-
getically equivalent magnetic domains, it breaks their degen-
eracy and creates a force that pushes the domain walls toward
the less stable domains. In both cases, the angular dependent
magnetoresistance (ADMR) would show a 90° phase shift with
respect to prototypical YIG/Pt (ferrimagnetic) bilayers, giving
rise to a negative amplitude. This negative SMR has been
observed in easy-plane antiferromagnets such as NiO?*?/l and
0. — Fe, 0512 and also in ferrimagnets close to the compensation
temperature, where the spin-flop transition is possible at lower
magnetic fields.[?%-32

In addition, in an antiferromagnet, a tilt of the spins consti-
tuting the two magnetic sublattices in the direction of the field
can also occur, inducing a net magnetization that affects the SMR
response.l3! If the magnitude of such tilt is larger than 45° from
the spin-flop direction, then this contribution will dominate and
will give rise to an overall positive amplitude of the SMR. There-
fore, the in-plane ADMR is a combination of these two out-of-
phase responses. On the other hand, the expected behaviour for
pure FM and AF ordering is different when the magnetic field is
rotated in the planes normal to the sample surface. In particular,
when the field rotates within the plane containing the current
direction (n — i), a M rotating coherently with H is always per-
pendicular to the spin accumulation and thus no longitudinal
resistance modulation is observed for pure FM ordering. On the
other hand, a modulation can be expected in an antiferromagnet
with the easy axis parallel to the current direction. In this case,
R; is highest when H is perpendicular to the surface and lowest
when it is parallel to i, pushing L from i to f. Interestingly, the
amplitude of the modulation here decreases with increasing
applied field as the component of L parallel to the spin accumu-
lation direction decreases in the low resistance state. With a sim-
ilar argument, when H rotates within the plane perpendicular
to the current direction (n —t), L aligns always perpendicular to
the spin accumulation because of the easy axis direction. There-
fore, a modulation of R; in this plane cannot arise from the spin-
flop state and indicates the presence of a magnetization. There-
fore, for a complete picture of the contributions playing a role
in the ADMR for a complex material like CaFe,0,, the response
needs to be studied in all three orientations.

2. Sample Preparation and Measurement
Technique

The CaFe,O, thin film samples used in this study were grown
by pulsed laser deposition on TiO, (110) substrates, as reported
in Ref. [21]. Previous characterization by means of X-ray dif-
fraction revealed the presence of multiple structural domains
with different in-plane and out-of-plane orientations, induced
by the underlying template and the self-grown CaTiO; buffer
layer.?!l The different structural domains are themselves made
of needle-like crystals growing along the magnetic easy axis
direction. This is clearly visible with atomic force microscopy
(AFM), as shown in Figure 1a.

In-depth characterization of the domain structure of CaFe,0O,
has been achieved by means of Electron Backscatter Diffraction
(EBSD) in a Scanning Electron Microscope. As depicted in

© 2021 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 1. Samples and devices. a) AFM topography of a 84 nm thick CaFe,O, thin film. Optical microscope images showing b) a large (100 um) Hall-bar
device covering multiple domains and c) a small (10 um) Hall-bar device on a single structural domain. The direction of the substrate’s [110] edge is
indicated to show the relative orientation of the devices and a schematic of the electrical connections is included.

Figure 2a, nine different domain types are found. Three of
them display the same (001) out-of-plane direction but differ in
the in-plane. In domain T1 the (010) direction is parallel to the
[100] sample axis (substrate [110]). In T2 and T3 (010} is parallel
to [570] and [570], respectively. This corresponds to a +55° rota-
tion with respect to T1. The remaining six domain types display
(302) out-of-plane direction. For these domains, the same three
in-plane orientations are also found (T4a, T5a and T6a). In
addition, a rotation of 180° along the out-of-plane direction of
the unit cell generates a twin variant of each domain type (T4b,
T5b and T6b). The same rotation applied to domains T1, T2 and
T3 does not lead to a different crystallographic orientation as it
coincides with a rotation around the crystallographic axis (001).
A schematic representation of the unit cell spatial orientation
of the various domains is visible in Figure 2b as axonometric
projections (top view), superimposed on the correspondent
SEM image. The data from the same EBSD scan is also repro-
duced in the maps of Figure 2c,d where only the out-of-plane
and in-plane directions of the domains are shown, respectively.
A list of the domain types and their orientation is reported in
Table S1, Supporting Information, together with a quantitative
estimation of the relative abundance of each domain.

The transport experiments of this study are carried out on
Hall-bar structures patterned by electron beam lithography and
consisting of an 8 nm thick Pt layer deposited by dc sputtering.
Two kinds of devices have been fabricated: large Hall-bars (100
wm long and 20 pm wide), randomly positioned on the sample
surface covering multiple structural domains (Figure 1Db)
and smaller Hall-bars localized at single CaFe,O, domains
(Figure 1c). In the large devices, the propagation direction of the
charge current is oriented parallel to the substrate’s [110] edge.
In the small devices, because of the specific requirements dic-
tated by the domains shape, each of the Hall-bars has a slightly
unique design but comparable size of approximately 10 Um in
length and 3 Um in width. In these devices, the long channel of
the Hall-bar and propagation direction of the charge current is
parallel to the b-axis of the underlying CaFe,O, domain. All six
different domains were tested in this geometry.

Adbv. Electron. Mater. 2022, 8, 2100963 2100963 (3 of 11)

The SMR effect has been measured as the linear, first har-
monic response to the applied current (I = 100 to 400 pA,
corresponding to a current density J = 0.5 to 4 X 10° Acm™)
in transverse and longitudinal geometry using the lock-in
detection technique.3*3 The transverse first-order resistivity,
p1, normalized over the sheet resistance, py, is calculated from

the measured transverse and longitudinal voltages, Vr and Vi,
[26]
as:

pr/Po = (Rr — Ror)/(Ror/g) 1)

where Ry = Vy/I and R; = V/I are the transverse and longi-
tudinal resistances, respectively, and Ryr and Ry; are their
respective values without applied magnetic field. g = I/w is a
geometric conversion factor given by the ratio of the distance
of between longitudinal probes, I, and the width of the Hall-bar,
w. Similarly, the normalized longitudinal first-order resistivity
p: is given by:

p} /Po = (R —Ror)/(Ror) (2)

3. Results

3.1. In-Plane Field Rotation

The dependence of the transverse resistance on the in-plane
angle, o, was measured in the large Hall-bars at various temper-
atures upon heating from 5 K to 300 K. The plot of the ADMR
at 7 T for three selected temperatures is shown in Figure 3a.
In the whole temperature range the measured ADMR can be
described with a function of the type:

Y = Yo + Assin(a + @, )cos(oc + @, ) + Bsin(o + gorr) 3)

The first modulation, having a period of 180°, corresponds to
the SMR contribution to the transverse resistance. In addition

© 2021 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 2. EBSD scan of a 62 im x 60 um area of the surface of a 84 nm thick CaFe,O, thin film. a) EBSD map showing the nine domain types (solid
color). The [100] sample axis (vertical in the presented EBSD map) is parallel to the substrate [110]. b) Map of the SEM secondary electrons contrast
with superimposed axonometric projections of the unit cell orientation in red. ¢) EBSD map highlighting the two different out-of-plane directions:
(001) (T1-T2-T3) depicted in red and (302) (T4-T5-T6) in blue. d) EBSD map highlighting the three in-plane directions: domains with the (010) crystal
direction parallel to the reference [100] (T1-T4) are orange, [570] (T2-T5) are blue and at [5-70] (T3-T6) are purple. The grain boundaries are indicated

with back solid lines in all the maps.

to this, a second component, with period 360° is also present.
This is an ordinary Hall effect contribution, caused by an
unwanted component of the magnetic field normal to the film
surface. An ordinary Hall contribution of 0.127 u€2 at 7 T and
400 PLA corresponds to a misalignment of less than 2°, that is
plausible given the difficulties to place the sample exactly flat
on the holder (this value has been estimated by comparison
with the amplitude of the ordinary Hall effect when rotating the
magnetic field out-of-plane). The phase of this component and
its amplitude, normalized by the carrier concentration, are con-
stant through the whole temperature range, as expected.

Figure 3c shows the temperature dependence of the ampli-
tude (A,) of the SMR contribution extracted from the fit (see
the Supporting Information for a complete account of the fit
parameters). The phase ¢, is close to 0° in all measurements. At
5 K, the sin(c)cos(c) modulation displays a negative amplitude
A,, corresponding to the typical (negative) SMR response of
antiferromagnets.?28l Upon increasing temperature, the mag-
nitude of the negative modulation decreases and at about 120 K
the SMR effect changes sign, indicating a cross-over from AF to
FM or paramagnetic (PM) behavior. Around the zero-crossing
point, the value of A, becomes comparable in magnitude to B,

Adv. Electron. Mater. 2022, 8, 2100963 2100963 (4 of 11)

the amplitude of the ordinary Hall effect contribution. There-
fore, at this temperature, the shape of the ADMR curve devi-
ates from a 180° periodic modulation, but it is still well-fitted
by Equation (3), as shown in Figure 3a. Above 120 K, A, con-
tinues to increase with increasing temperature until 300 K.
Surprisingly, no abrupt transition is observed at the the Néel
temperature of Ty = 185 K, as observed by means of SQUID
magnetometry and Mdssbauer spectroscopy in similarly grown
samples.[?!]

Because the multi-domain nature of the films used in this
study adds a further degree of complexity in the interpretation
of the ADMR, we turned to measure the six individual CaFe,O,
structural domains independently (see Section 7). Figure 3b,d
shows the dependence of the transverse resistance on the
in-plane angle, ¢, in one of the small Hall-bar devices. The
ADMR at 5, 130 and 300 K measured at 200 QA in a field of
7 T is plotted in Figure 3b. As in the case of the larger Hall-bars,
the data can be fitted with the model described by Equation (3).
However, here A, is positive across the whole temperature
range, indicating the presence of a field-induced magnetic
moment dominating over the AF contribution. The ampli-
tude of the SMR contribution, shown in Figure 3d follows a

© 2021 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 3. In-plane ADMR of CaFe,O, at H=7T and J = 2.5 to 4 x 10> Acm™2. Plot of the normalized first harmonic transverse resistivity, p}/p,, as a
function of ¢, together with its fit to Equation (3), at three selected temperatures measured in a large (a) and small (b) Hall-bar device. c,d) Plot of
the T dependence of the amplitude, A,, of the SMR contributions extracted from the fits. In the insets, the geometry of the experiments is indicated,
with i, n and t being the directions of the current, interface normal and perpendicular to both of them, respectively. H is the applied magnetic field.

non-linear trend with temperature, similar to that observed for
the multi-domain bars of Figure 3c: it first decreases between
5 K and 50 K, to then increase between 100 K and 200 K and
saturate above Ty. Again, a larger amplitude of the SMR is
found above Ty, compared with the value in the ordered sate.
At 300 K the magnitude of the SMR effect is comparable to
that measured in the easy-plane antiferromagnet NiO=2® and
the spin-spiral phase of CoCr,0,% but lower than the values
reported for o — Fe, 05128l However, for an accurate quantitative
comparison between these systems the quality of the metal/
magnetic insulator interfacell and Pt thickness®3! should also
be taken into account.

To exclude that the negative and positive components of the
in-plane SMR found in the large devices arise from different
structural domains, we have measured individually all the
domain types present in the film, as shown in the Supporting
Information. Similar sinusoidal modulations of pr and p;, as
well as the same field and temperature behaviors, are observed
in all cases, regardless of the crystal orientation. This isotropic
character of the modulation indicates that the mechanism for
the SMR effect in CaFe,O, originates on the free rotation of the
spin with the applied magnetic field.

In both single- and multi-domain devices, a large positive
SMR is observed above the Néel temperature. A non-zero
SMR in the paramagnetic state has been measured before
in FM (YIG) samples®® as well as in AF oxides.?*¥] How-
ever, its amplitude is expected to decrease following a Curie—
Weiss behavior. Here, on the other hand, the amplitude of the
modulation above Ty tends to saturate to a fixed value. This

Adbv. Electron. Mater. 2022, 8, 2100963 2100963 (5 of 11)

is consistent with the non Curie-Weiss susceptibility observed
up to 400 K in CaFe, 04238 and could be explained by the pres-
ence of 1D short-range correlations between Fe spins found
in bulk samples.l® Below 200 K, the amplitude of the SMR
decreases, as the material orders antiferromagnetically. At this
temperature however, the amplitude of the modulation is still
positive, indicating that the contribution of a net magnetiza-
tion predominates for applied fields above 1 T. Interestingly,
in the multi-domain devices, a cross-over to negative SMR
occurs at 120 K, while in the single-domain ones the sign of
the modulation is positive at all temperatures. This difference
is puzzling as a more intrinsic (AFM-like character) is expected
in the single domain devices. The net magnetic moment
detected by ADMR is, therefore, not caused by defects uncom-
pensated moments at the boundaries between the different
structural domains.

3.2. Out-of-Plane Field Rotation

The ADMR of the large Hall-bar devices was also measured
upon rotating the magnetic field outside of the plane of the
film. Plots of the longitudinal resistivity, measured at 100 LA
in a field of 7 T, as a function of the angles 3 (H rotating within
the n — t plane perpendicular to the current direction) and y (H
rotating with the n — i plane containing the current direction)
are shown in Figure 4a,b. In both cases a sinusoidal modula-
tion of the ADMR with period 180° has been observed and the
data could be fitted with functions of the type:

© 2021 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 4. Out-of-plane ADMR of multi-domain CaFe,O, at H=7 T and J = 6.25 10 Acm™2. a,b) Plot of the normalized first harmonic longitudinal resis-
tivity, p] /po as a function of Band ¥ respectively, together with their fits to Equations (4) and (5), at two selected temperatures. c,d) Plot of the T depend-
ence of the amplitudes, A, and A,, of the SMR contributions extracted from the fits in (a) and (b), respectively. The geometry of the experiments, where
n is the direction normal to the plane of the film, i is the direction of the current and t is the in-plane direction perpendicular to i, is shown in the insets.

Y = Yo + Aycos’(B+ ) ()

y=y0+AgCOSZ(}/+¢g) (5)

where ¢, and ¢, are close to 90°, indicating that the high resist-
ance state corresponds to the field being perpendicular to the
film surface. In addition to the SMR effect, a linear term with
time is also added to the fit describing the thermal drifts during
the measurement.

Figure 4c,d shows the temperature evolution of the ampli-
tude of the out-of-plane SMR contributions extracted from the
fits. As it can be seen, in both plots the sign of the modulation
is constant throughout the whole temperature range, while the
magnitude of the effect evolves differently with temperature.
When the field rotates in the n — t plane (Figure 4a,c), a rela-
tively large SMR is observed at all temperatures between 5 K
and 350 K. Here Aj, and ¢, are almost constant in the whole
temperature range. However, when H rotates in the n — i
plane (Figure 4b,d) the modulation is largest at low tempera-
tures and decreases significantly upon increasing T. A steeper
slope is observed between 50 K and 150 K, that corresponds to
the reported ordering of the A magnetic phase, followed by a
slower increase until Ty = 200 K. Above the Ty and up to 300 K
a small modulation is still visible in the data, but the signal size
becomes comparable to the noise.

Therefore, the presence of a modulation with both f and
y indicates that both a FM (or PM) component and an AF
component contribute to the SMR in the large devices, origi-
nating from the rotation of M and L with the applied field.
Combining the temperature evolution of the ADMR of the

Adv. Electron. Mater. 2022, §, 2100963 2100963 (6 of 11)

two out-of-plane geometries yields a similar trend as that
observed for the in-plane measurement. This offers further
support to the interpretation of the in-plane signal as arising
from two components, which now can be isolated in the
out-of-plane measurements.

3.3. Field Dependence

The magnetic field dependence of the ADMR has also been
investigated and is shown in Figure 5. Figure 5a displays a plot
of Ry — R, of a single-domain device as a function of the strength
of H, applied in-plane at o = 45° from the current direction
(maximum of the ADMR) at three different temperatures: 5,
100, and 200 K. In all cases an increase of the resistance is found
with increasing field with a tendency to saturate above 7 T.

Figure 5b shows a plot of R; — R, measured at 100 K in a
multi-domain device as a function of the strength of H, applied
in-plane parallel to the current direction (minimum of the
ADMR) and out-of-plane (maximum of the ADMR). For a pure
antiferromagnet, Ry and R; scale with H2 Here, instead, the
data is better fitted by a combination of contributions; one with
a negative, quadratic increase and one with a positive, linear
increase with increasing magnetic field strength, which pre-
dominates at lower fields. The latter is observed in paramag-
nets and indicates the presence of uncoupled spins. The asym-
metry between the positive and negative branches of the curves
in Figure 5b, is related to the field scan direction (from posi-
tive to negative values or vice versa), which can be caused by
domain movement and pinning of domain walls.

© 2021 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC

www.advancedsciencenews.com

0L=45°—e—5K

MATERIALS

www.advelectronicmat.de

b
®) ] 100 K T
w0
S 154§ —ane e
oMo —*—Yy=90°
10 Fad
Q‘ . ™ - ﬂ
- Qe ¢
Q 0.5 R N
1
L
0.0

8 6420 2 4 6 8
Hy, (T)

Figure 5. Field dependence of the resistance at a fixed applied field direction. a) Plot of the normalized first harmonic transverse resistivity pl/p,
as a function of H measured in a single-domain device at 5 K (blue), 100 K (black) and 200 K (red) for o = 45°. The fit of the curve at 200 K with
p}/po=A|H|-BH? (A, B >0) is also shown in dark red. b) Plot of the normalized first harmonic longitudinal resistivity p] /po as a function of H

measured in a multi-domain device at 100 K for y=90° (full dots) and y=

4, Simulations

In order to improve our understanding of the mechanisms
that give rise to a combination of positive and negative SMR
in Pt/CaFe, 0, bilayers, we built a simple theoretical model that
simulates the spin configuration of the system and its SMR
response in the case in which the Ising condition is lifted. The
magnetic properties of an orthorhombic antiferromagnet with
uniaxial anisotropy can be described by a Hamiltonian con-
sisting of contributions from Zeeman, exchange, and magnetic
anisotropy energies in the form:33

H=—ynYHoS+32];S:5 =D, XS+ D.2(ST) (6)
i ij i i

where y= gup/h is the gyromagnetic ratio, g the spectroscopic
splitting factor, up the Bohr magneton and h the reduced Plank
constant. S; indicates the spin at a generic lattice site i, H,
the applied magnetic field and Jj; the exchange constant of the
interaction between spins. The system is characterized by two
distinct anisotropies, a positive one (hard) with constant D,
along the (001) direction that forces the spins into the a — b
plane and a negative (easy) with constant D, along the magnetic
easy axis (010).

CaFe,O, has been previously described as a 3D Ising anti-
ferromagnet,! where the two antiferromagnetic sublattices
are antiparallel to each other and the spins can only display
two states, described by two scalar values. In this case, no tilt of
the spins is possible under the effect of the magnetic field and,
thus, the SMR response should be purely antiferromagnetic
(negative amplitude). Therefore, in order to take into account
the scenario in which tilting of the spins sublattices is at the
origin of the measured positive contribution to the SMR, we
utilize in our model a more general Heisenberg Hamiltonian
and allow the spins to assume any orientation in space.

In order to find the spin equilibrium configuration, we
follow the approach described in ref. [3] and express the energy
per unit volume of the system as a function of the angles that
the two AF sublattices make with i (easy axis and current direc-
tion), 6, and 6,, and with n, ¢, and @,. The coordinates of the
energy minima correspond to the equilibrium orientation of

Adv. Electron. Mater. 2022, 8, 2100963 2100963 (7 Ole)

0° (open dots).

the sublattices for different applied magnetic field strengths
and directions. The material dependent parameters in the
model are the effective exchange, Hy, and anisotropy, H,, fields
defined by:>3
Hy=2SnJ/yh,  H, =2D,S;/yh,  H, =2D,S/yh 7)
where n is the number of nearest neighbors.

For CaFe,0, we base our simulations on the values reported
in literature for the bulk material: S = 5/2 and g = 2.") The ani-
sotropy constants for CaFe,O, have not, to our knowledge, been
reported. However indirect measurements have shown an in-
plane anisotropy field of 443 Oe at 300 KP*® and a resonance
field along the c-axis of 3380 Oe. The theoretically predicted AF
exchange constants are J; = —4.19 K, J, = -5.44 K, J; = -14.69 K
and J, =-23.93 K.l Thus, the negative inter-chain J; and J, are
the dominant inter-sublattice interactions. Therefore, for sim-
plification, we can consider one unique exchange interaction
with magnitude mean between J; and J, and number of nearest
neighbors n = 4, corresponding to the adjacent Fe*" spins con-
nected through corner-sharing Oy octahedra. This leads to a cal-
culated Hp of 287 T, that is lower than what is reported for the
easy-plane antiferromagnet NiO, but higher than the easy-axis
MnF, and FeF,.Bl The corresponding spin-flop field would be
Hg = 2H,H; = 5 T. Using this set of parameters, where Hp
is two orders of magnitude larger than the applied Hy and Hy,
much smaller, the expected SMR response, shown in Figure 6,
is governed by the AF exchange and differs largely from what is
observed experimentally in all 3 planes of rotation.

In fact, when a 7 T field is applied along the magnetic easy
axis, the simulation of the equilibrium position of the AF sub-
lattices shows that the two sublattices align antiferromagneti-
cally in the direction perpendicular to the applied field (spin-
flop state) with 6, = ¢, = ¢, = 90° and 6, = —90°, as observed
in Figure 6a,b. Rotating the magnetic field in the i — ¢ plane
produces a coherent rotation of 6, and 6, with « which leads to
a sinusoidal modulation of the SMR effect with negative ampli-
tude. Increasing the strength of the magnetic field increases the
amplitude of the modulation, as shown in Figure 6c up to 9 T.
On the contrary, when H is below the spin-flop value of about
5 T, the modulation deviates from sinusoidal, as the sublattices

© 2021 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 6. Simulation of the sublattices equilibrium positions for He = 287 T, Hy, = 0.044 T, Hy, = 0.338 T and Hy =7 T. Plot of a) 6 and 6, b) ¢, and
@, and c) field-dependent longitudinal SMR as a function of o when the field rotates in the (easy) i — t plane. Plot of d) 6, and 6,, €) ¢ and ¢, and
f) field-dependent longitudinal SMR as a function of S when the field rotates in the t — n plane. Plot of g) 6; and 6,, h) ¢ and @, and i) field-dependent
longitudinal SMR as a function of ¥ when the field rotates in the i — n plane. Sketches of the rotation geometry and of the two AF sublattices (as blue

and red arrows) are shown in the inset for fields angles of 0° and 90°.

only slightly rotate around the equilibrium configuration with
6,=0° and 6, = 180°

When the applied field rotates outside of the film plane, in
addition to the in-plane rotation, the sublattices also start to
tilt out-of-plane (Figure 6eh), but the tilt is limited to a few
degrees. When f=90° and y= 90°, corresponding to the same
out-of-plane field orientation, the in-plane configuration of the
two sublattices is not identical: in the first case (Figure 6e) the
spins align along the easy axis (6, = 0°, 6, = 180°), as expected,
while in the second case (Figure 6h) they are perpendicular
(6, = —90°, 6, = 90°). This is due to the small value of Hy,
that makes the energy minima of these two configurations
very close to each other. As a result, a very small modulation
(compared to the in-plane modulation) is observed in the S
scan, in contradiction with our experiments. A modulation in
this direction is instead typical of ferromagnets or paramag-
nets. In addition, no modulation in the y scan is expected
from the simulations (Figure 6i). Again this is different from
what is observed experimentally (Figure 4b), where a modu-
lation with maximum at y = 90° is found. Assuming a larger
H, value, that could be plausible given the shape anisotropy of
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the needle-like crystals, the configuration with y= 90°, 6, = 0°
and 6, = 180° would be energetically favored, resulting in a
rotation of the sublattices in the i — ¢ plane. This can lead to an
ADMR with maximum at y= 90°, as observed experimentally.
However, in this case the amplitude of the SMR would decrease
with increasing applied field, as the sublattices tilt towards the
easy axis from the spin-flop configuration at = 0°, raising the
value of the low resistance state. This is also inconsistent with
our experimental measurements, that show a slight increase of
the out-of-plane modulation with increasing applied field (see
Supporting Information).

5. Discussion

From these simulations, it is evident that the positive SMR
response measured experimentally cannot be explained by the
spin canting of a uniaxial antiferromagnet with exchange and
anisotropy field values as reported in literature for CaFe,O,. For
the external magnetic field to be able to induce a large enough
canting of the AF sublattices in the spin-flop state that results
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in a positive SMR amplitude, its value has to be comparable to
Hp. However, this cannot be the case for CaFe,O, films, given
the Ty of 185 K. In addition, even in a scenario with lower Hp,
the model would not completely capture the measured behavior
in the field-dependence of the SMR and in the field rotation in
the n — i plane. Therefore, it is clear that the observed positive
contribution to the SMR cannot be intrinsic to the AF ordering,
arising from a tilt of the sublattices with the magnetic field, and
instead a different source for such positive contribution needs
to be taken into account to explain the observed ADMR.

One possibility is that the material displays additional spins
that are not accounted for in our theoretical model. This would
be in good agreement with the observed opening of the M — H
loops at around 130 K in both bulk”l and thin films,*!! which
is proposed to originate from “orphan spins” at the magnetic
antiphase boundaries.”* In addition, short-range 1D interac-
tions and up to 350 K and a even higher Curie-Weiss tem-
perature®®l have been reported in CaFe,O, single crystals and
could also explain the persistence of the orphan spins signal at
temperatures above Ty.

Another possible origin for this positive contribution would
be surface and shape effects.*!! It is well-known,*>* that due
to surface magnetic anisotropy and magneto-elastic strain at
the surface, the magnetic structure of the the top few nm can
largely differ from that of bulk. These become particularly rel-
evant in AF nanoparticles, even up to 500 nm in size, due to
the finite-size and shape constraints. For example, loss of long-
range ordering or another type of structure or a change of easy
axis can occur at the surface,*! as well as different reorientation
behaviour with an applied magnetic field.*? In our case, due to
the needle-shape of the crystals with large aspect ratio and a
width in the 100 nm range, these effects may play an important
role. To include such effects in the SMR model, a much more
complex approach to the simulation of the spin structure of
CaFe,0, thin films, beyond the scope of this paper, is required.

We also considered, but excluded, that the positive modula-
tion arises from effects other than the SMR. In particular, the
Hanle magnetoresistance, originating from the precession of
edge spin accumulation,”*¥ is a common source of artifacts
in SMR measurements as it is also characterized by a resist-
ance modulation with period 180° and a phase similar to posi-
tive SMR. The modulation induced by the Hanle effect is analo-
gous to the SMR response of a FM and only appears when the
field rotates in the i — t and n — ¢ planes. In order to distinguish
between the contributions from the Hanle and SMR effects, the
field dependence resistance can be studied for a fixed direction
of the applied field, as shown in Figure 5. For the Hanle effect,
a positive quadratic increase of R; and Ry with H is expected,
and this differs from what is measured for both small and large
devices, where a linear increase at low fields and a quadratic
negative saturation at higher fields always occurs. In addition,
a modulation arising from this effect would show a monotonic
trend with temperature, which is different from our observa-
tions in both single- and multi-domain devices.

Anisotropic magnetoresistance arising from the magnetic
proximity effects has also been observed in FM/ Pt bilayers, that
can compromise the use of thin Pt as a detector of pure spin
current.>% However, the magnitude of this effect is expected
to be much lower in compensated antiferromagnets where a
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net magnetization can only appear locally due to uncompen-
sated domain boundaries.”® This effect is known to induce a
ADMR when H rotates in the n — i plane and, thus, cannot
explain the positive modulation observed in the 3 scan.*3!

Therefore, we believe that the most likely explanation for the
observed ADMR is the SMR effect arising from the rotation
of the Néel vector of the AF structure and an additional posi-
tive contribution that originates from uncompensated spins
at the antiphase boundaries. These spins, which do not gener-
ally interact with each other, will give rise to a linear, paramag-
netic-like, field-induced magnetization but they will, generally,
not order at a finite temperature, as it is observed in CaFe,O,.
However, interactions between orphan spins could emerge
thanks to the large correlation lengths that develop around the
second-order antiferromagnetic phase transition.?! This would
explain the appearance of a net magnetization in a limited tem-
perature range. However, the possibility of surface effects due
to the small size of the crystals composing the films cannot
be excluded.

6. Conclusions

We have measured the ADMR in Pt/CaFe,0O, bilayers for both
multi and single structural domain devices. The sinusoidal
modulation of the Pt resistance for both in-plane and out-of-
plane field rotations and the magnetic field dependence indi-
cate the presence of two contributions to the SMR: a negative
and a positive one. The former depends quadratically on the
magnetic field and its intensity decreases with increasing tem-
perature, corresponding to the rotation of the Néel vector of
the antiferromagnetic ordering. The latter depends linearly on
the magnetic field, occurs at all temperatures and is consistent
with the presence of uncompensated spins that are uncoupled
from the AF ordering. These observations support the scenario
in which spin fluctuations create antiphase boundaries in the
B phase (TUT! ground state), that locally display TTI! spin
ordering characteristic of the A-phase. At the antiphase bounda-
ries, uncompensated moments, that are free to rotate with the
applied magnetic field, are present, leading to a positive contri-
bution to the SMR. We hypothesize that, in the proximity of the
critical phase transition, when long-range correlations emerge,
the coherent effect of these antiphase boundaries gives rise to
the observed net magnetic moment. Finally, additional effects
from confinement and anisotropy at the surface cannot be
ruled out, and they could play a role in the difference between
the behaviour of single and multi-domain devices. Although
such a difference is not fully explained yet, the experiments
show the potential of multiscale SMR measurements to extract
unique information from complex magnetic samples.

7. Experimental Section

Device Fabrication: Both large and small Hall-bars were fabricated
by means of the e-beam lithography. In the first stage, Au markers
were deposited on the sample by means of DC sputtering through
polymethylmethacrylate (PMMA) shadow mask. PMMA masks were
prepared on a separate substrate and later placed on top of the sample
with alignment done under the optical microscope. After deposition,
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the masks were removed mechanically without dissolving PMMA.
This methodology assures that sample surface at all stages of the
fabrication process is never in contact with PMMA dissolved in solution.
This considerably reduces the amount of polymer residues typically
present after conventional fabrication methods. Further details of the
preparation of the PMMA shadow masks will be provided in a separate
publication. In the second stage, 8 nm of platinum were sputtered in a
shape of the Hall-bar (either large or small) again using PMMA shadow
masks in order to ensure minimal level of contamination of the interface
between Pt and CaFe,O,. In the last step, via conventional PMMA-based
e-beam lithography, the arms of the Hall-bars were connected with Ti/Au
(5 nm/55 nm) contacts which were later on bonded with Al wires to the
chip carrier of the used measurement setup.

Electrical Measurements: The SMR effect has been measured using the
lock-in detection techniquel®® in transverse and longitudinal geometry.
Using multiple Stanford Research SR-830 lock-in amplifiers the first
and second harmonic voltage responses (V; and V,) were recorded
simultaneously. The input AC current (ly) was a sine wave with frequency
of 17 Hz and amplitude of 100-200 LLA for the small devices and
100-400 MA for the large ones, generated by a Stanford Research
System Model CS580 Voltage Controlled Current Source. The ADMR of
the Pt was measured by rotating the sample in a magnetic field, with «
being the angle between the current direction and H, when H rotates
in the plane of the film and f and y being the out-of-plane angles. The
response was measured at different T and H in a Quantum Design
Physical Properties Measurement System (PPMS).

Simulations: The simulations of the sublattices equilibrium positions
and SMR effect were performed using a simple code written in
python. The code utilizes the scipy.minimize package for a numerical
minimization of the energy as a function of ;, 6, ¢, and ¢, for a given
set of parameters Hg, Hp, Ha, and Hy. The process is repeated for
different values of the applied field direction.

Considering a single domain with Ho rotating in the film plane, the
energy is given by:

E/M = —Hcos(ox)[cos(64)sin(¢,) + cos(0; )sin(¢,)]
— Hgsin(cx)[sin(67)sin(@4) + sin(6;)sin(@,)]
+He[sin(@1)sin(@;)cos(6; — 0,) + cos(@1)cos(@)]
= Hay[cos?(6h)sin? (1) + cos? (62)sin? ()] + H o, [cos? (1) + cos? ()]

)
where « is the angle between Ho and the easy axis b.

Similar expressions have been used to model the response when the
field is rotated outside of the film plane. To simulate the response of the
different domains, the relative in-plane and out-of-plane tilts from the b
and c-axis have also been taken into account.

The magnetization and Néel vectors were then calculated as sum and
difference of the vectors describing the position of the two AF sublattices
at the energy minimum. Finally the FM and AF contributions to the
SMR were calculated as the negative squared dot product between the
relative order parameter vector and the spin accumulation direction at
the interface. Because the modulus of each sublattice vector is arbitrarily
set equal to 1 and the amplitude of the spin accumulation is not known,
the model does not provide a quantitative measure of the magnitude of
the SMR effect.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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