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Antiferromagnetic hysteresis above the spin-flop field
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Magnetocrystalline anisotropy is essential in the physics of antiferromagnets and commonly treated as a
constant, not depending on an external magnetic field. However, we demonstrate that in CoO the anisotropy
should necessarily depend on the magnetic field, which is shown by the spin Hall magnetoresistance of the
CoOlPt device. Below the Néel temperature CoO reveals a spin-flop transition at 240 K at 7.0 T, above which
a hysteresis in the angular dependence of magnetoresistance unexpectedly persists up to 30 T. This behavior is
shown to agree with the presence of the unquenched orbital momentum, which can play an important role in

antiferromagnetic spintronics.
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Antiferromagnetic thin-film materials have attracted a lot
of attention recently due to their unique properties that create
potential applications in spintronics such as data storage [1,2]
or long-distance spin transport [3,4]. Their robustness against
external magnetic fields is an important promise for using
these antiferromagnetic materials. Therefore, they demand
strong magnetic fields for reorientation of the spins, and the
understanding of the impact of such fields is essential. The
behavior of an antiferromagnet (AF) in high magnetic fields
is governed by the competition between magnetocrystalline
anisotropy and antiferromagnetic exchange interactions.
Detailed knowledge of this anisotropy is key to determine
possible magnetic configurations of an antiferromagnet as
well as proper device design and experimental geometry for
potential applications. It is common to treat the anisotropy
as a physical parameter that is strictly constant for a given
temperature [5-7].

In this letter, we demonstrate that the magnetic anisotropy
of a thin-film CoO with adjacent Pt layer can be modified by
strong magnetic fields. It manifests itself in the angular depen-
dent magnetoresistance of the CoO|Pt as clear, reproducible
and abrupt changes of resistivity coexisting with the hysteresis
around the hard axis, which are present up to the highest
tested magnetic fields of B = 30 T. Such behavior cannot be
reproduced by a simple macrospin model nor a domain model.
We explain it by the contribution of the unquenched orbital
momentum into the anisotropy.

We start with an experimental study of spin reorientation
induced by the strong magnetic fields in CoO|Pt. When the
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magnetic field B is applied to an AF along an easy axis, the
Néel vector n, which is the difference of the two sublattice
magnetizations, may reorient perpendicularly to the field. It is
a well-known spin-flop transition and occurs at the spin-flop
field By, which depends on the magnetic anisotropy. This
reorientation of n can be detected by the spin Hall mag-
netoresistance (SMR) [5-9]. The angular dependence of the
SMR allows extracting the spin-flop field values for different
geometrical configurations of the magnetic field and thus, the
intriguing behavior of the anisotropy in CoO can be observed.
Here, we show that the spin-flop transition is clearly detected
together with a remarkable presence of the hysteretic behavior
of the AF. The electrical measurements were performed on
Hall bar devices made of a CoO thin film grown on MgO (001)
single crystals and capped with 5-nm Pt layer. In the main text
we present data for the 2-nm CoO prepared by reactive DC
magnetron sputtering (Fig. 1). For validation purposes, other
molecular beam epitaxy grown CoO layers, which yielded
quantitatively similar results [10], were investigated. Simi-
larly, a reference polycrystalline 5-nm Pt layer was sputtered
directly on MgO and examined which is presented in the
Supplemental Material [10].

We focus on the analysis of the transverse resistance Ryy
variations as it can be measured with better accuracy due to
the smaller zero-field offset and smaller temperature sensi-
tivity than the longitudinal resistance. The longitudinal data
was also analyzed and can be consistently described within
the same model [10]. Moreover, a reference device made of
MgO|Pt grown and fabricated in an analogous manner has
been studied to rule out effects originating from the mere Pt
layer [10] such as the Hanle magnetoresistance [11]. All data
presented here were collected below the Néel temperature at
T = 240K. The background signal coming likely from small
sample misalignment with respect to the magnetic field was
subtracted [10].

©2023 American Physical Society
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FIG. 1. The scheme of the structure used for the experiments.
J represents the current direction. Magnetic easy (hard) axes are
marked by orange (violet) arrows. Blue and red arrows represent the
spin accumulation in Pt due to the spin Hall effect.

Initially, the expected in-plane biaxial anisotropy of the
CoO thin film with easy axes along [110] and [110] (orange
arrows in Fig. 1) is verified [9,12]. To do this, the in-plane
magnetic field of 30 T is applied along the expected easy axis
[110] to set a well-defined AF state of n || [110]. Afterwards,
the actual field sweep from O to 30 T is performed with the
fixed orientation of B || [110] and the resistance is measured
(Fig. 2). Upon increasing the magnitude of B the signal is ini-
tially constant and then an abrupt change of Ry, can be seen at
B = 7T. This significant change appears only when the mag-
nitude of B is increasing. Similar behavior is observed with
the magnetic field pointing along another easy axis (see [10]).
The abrupt change of Ry, does not appear above the Néel
temperature [ 10]. Moreover, it does not correlate with any ran-
dom fluctuations of temperature. Finally, the probing current
density does not change during the experiments, so thermal
effects can be ruled out. Therefore, the electrical signal can
be attributed to the transverse SMR. The abrupt change of
resistance at 7T reflects the spin-flop transition, where the
Néel vector n changes the orientation from B||nto B L n
when B is increasing. The resistance change at the spin flop is
consistent with the negative sign of SMR [5,9,13]. Nonlinear
behavior of SMR in high fields can originate from progressive
spin canting and the occurrence of small net magnetic moment
m as depicted symbolically by double-color arrows in Fig. 2.

To verify the qualitative understanding of the obtained
results, we construct a macrospin model. Two magnetic
moments coupled antiferromagnetically are considered. The
energy expression [14] can be formulated as follows:

B,
an|| nz' (l)

Z

E(m) = %(B -n)’ — (ny +ny) +
Bsf anl

In-plane biaxial anisotropy field and out-of-plane uniaxial
anisotropy field are represented by By, and By, respectively.
The two orthogonal easy directions in-plane are denoted
as x,y and correspond to [110] and [110], respectively
(Fig. 1). The spin-flop field is denoted by By and equals
Bst = 24/BexBant [14], where Bex is the exchange field.
The value of By is determined from the experimental
data (Fig. 2). B remains in the plane of the sample in all
experiments. The spins are expected to remain in-plane due to
thin-film character of the sample [9,12] and the out-of-plane
anisotropy field is set By >> Bani. We perform the energy
minimization with By and coordinates of B as the only
parameters, from which we obtain the expected orientation of
n. With the assumption of B < By, the magnitude of finite
m perpendicular to n due to the tilt of the spin sublattices
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FIG. 2. Transverse magnetoresistance for the CoO|Pt structure
collected for increasing (orange points) or decreasing (black points)
B along the [110] easy axis. The order of the measurements is indi-
cated by the digits. The expected shape of the SMR signal calculated
within the macrospin model for By = 7.0 T is presented by the red
curve. The thick arrows represent the directions of the spins (spin
canting, angle not to scale) with respect to the magnetic field (thin
grey arrow). The electrical signal is expressed as AR,y/R, where
AR,y is the difference in resistance between a data point taken in
a magnetic field and the initial value R,y (B = 0). Sheet resistance
averaged over different magnetic fields is denoted by R.

can be estimated [10,14]. The SMR signal can be modeled
by Ryy & ppnyni + ppmymy. For qualitative analysis, it is
enough to approximate the ratio between p, and p, [10].
Even when allowing for the possibility that SMR probes not
only the spin part but rather the total the angular momentum
this would not influence the position of the sharp resistance
transition and the hysteresis. Therefore, whatever component
contributes to the signal, the hysteresis width would be the
same for both the spin and the orbital component.

Comparison of the model to the field sweep along [110]
presented in Fig. 2 reveals good qualitative agreement. It
should be noted that the quantitative difference between the
model and data can be explained by the fact that we deal with
a domain structure and only part of the domains are initially
oriented parallel to the field. Therefore, the magnitudes of the
abrupt resistance change at 7 T and the progressive resistance
increase for B > 7T cannot be easily captured by the simple
macrospin model.

Despite a good correlation between the model and the
experimental data for the field along an easy direction, we
find that the model cannot describe the measurements for the
magnetic field along a hard axis [10]. To clarify it, we perform
an angular dependent magnetoresistance (ADMR) measure-
ments at different magnetic fields and show the data for B =
10T and B = 25T in Fig. 3. These angle-dependent measure-
ments determine how n evolves upon gradually changing the
magnetic field of a fixed magnitude from an easy to a hard
axis. The resistance is recorded as a function of an angle «
between the magnetic field and [010], which is a hard axis.
Above the B = 7T, n is expected to follow the direction
perpendicular to B, which is high enough to overcome the
in-plane anisotropy [7]. This should be reflected in the SMR
signal that is shown as the green dashed lines in Fig. 3,
which is the result of the macrospin model calculation with
experimentally determined Bs.

Remarkably, the experiments show a completely differ-
ent SMR dependence. When the magnetic field changes the
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FIG. 3. The angular dependence of magnetoresistance for the
CoO structure collected at (a) B = 10T and (b) B = 25T is depicted
by the black dots compared with the simple macrospin model (green
dashed line), domain model (blue line) and L model with § = —4.02
(red line). The experimental data are expressed as relative changes of
the resistance as a function of an angle «. Green (gray) arrows rep-
resent the spin (magnetic field) orientation with respect to crystalline
axes (coordinates in bottom right corner). Black arrows depict the
angle sweeping direction.

orientation from o = 90° to @ = —90° and back, the electrical
signal follows the same trend except for the region close
to @ = 0°. In the vicinity of o = 0°, the point where the
magnetic field points along the hard axis, the SMR shows a
hysteresis loop (Fig. 3). At higher magnetic fields, the hys-
teresis becomes narrower. The hysteresis can be characterized
by its width and plotted as a function of B (Fig. 4). Then, it
can be clearly seen that hysteresis loops appear in the whole
range of tested magnetic fields between By up to 30 T. The
hysteresis loops are absent above Ty and thus they can be
attributed to the antiferromagnetic behavior of CoO. Below
By, no abrupt resistance changes are detectable and only slight
residual hysteretic behavior around o = 0 can be observed
that can be due to possible domain structure in the system
[10]. The experimental results can be understood as the Néel
vector lagging behind the magnetic field due to the strong
in-plane anisotropy. However, such an effect is expected only
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FIG. 4. Summary of the hysteresis width observed in ADMR as a
function of the magnetic field (yellow squares and circles) compared
to the simple macrospin model (§ = 0, green circles) and L model
with £ = —4.02 (red diamonds). Lines are guides for the eye.

below By, but should be absent above the spin-flop field in
our current understanding of the interplay between Zeeman
energy, antiferromagnetic exchange, and anisotropy energy,
where n should follow the direction perpendicular to the mag-
netic field [7].

First, we check whether the existence of a domain structure
can explain the experimental observations. We consider a set
of Néel vectors that experience different anisotropy fields
which reflects possible inhomogeneity of the layer that can
result in antiferromagnetic domains. We simulate an ADMR
measurement for each case separately using Eq. (1) and aver-
age obtained results assuming a Gaussian distribution of the
spin-flop fields centered around 7 T [10]. We refer to this as a
domain model [10]. As can be seen in the blue line in Fig. 3
such a procedure can indeed result in appearance of a small
hysteresis in ADMR above the spin-flop field. However, it
completely fails to reproduce the abrupt transitions visible in
strong magnetic fields [Fig. 3(b)] and is therefore not appro-
priate to explain this observation.

Therefore, we consider another approach to interpret the
experimental data. We assume that the magnetic field modifies
the magnetic anisotropy of the antiferromagnet. We describe
this contribution by introducing an additional, phenomenolog-
ical energy term, relevant above Bg;:

E, = BE—ZBXBynxny 2)

sf

into Eq. (1) with a coefficient &. It appears only if the magnetic
field has nonzero components for both easy directions. Thus,
it follows the symmetry of the experimental observations and
can describe the unexpected hysteretic behavior of the AF
when a strong magnetic field is parallel to a hard direction. For
negative &, such a contribution enhances the energy barrier be-
tween the states with different orientations of the Néel vector
seen as an enhancement of the effective anisotropy field. We
believe that this contribution originates from the field-induced
tilting of the orbital momentum from the easy axis; and hence
we call it the L. model.

The existence of the hysteresis loop in SMR can be repro-
duced using the L. model with & = —4.02 as demonstrated
by the solid red lines in Fig. 3. Good agreement of the hys-
teresis width between the model and experiments is obtained
for all magnetic fields tested experimentally (Fig. 4). Slight
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deviations from the model that can be seen in the experimental
data in Fig. 3(a) as a rounded shape of the hysteresis loop and
a difference in the curvature near « = +45° can be interpreted
either as a signature of a domain structure and magnetic inho-
mogeneity of the system (these are also the features of the
blue, domain model curve) or the contribution of the angular
momentum into the SMR signal. For the model with £ = 0,
which corresponds to the original equation (1) and constant
magnetic anisotropy, no hysteresis above the Byt is expected
as indicated by green dashed lines in Fig. 3 as well as green
circles in Fig. 4.

A likely explanation for the observed hysteretic behavior
and the additional energy term E, [Eq. (2)] is the unquenched
orbital momentum that is known to be present in CoO and has
a strong contribution to the magnetocrystalline anisotropy in
this material [15,16]. It has also been observed to manifest
itself in the magnon spectrum [17]. Furthermore, the orbital
part of the angular momentum L has already been shown to
determine the angular magnetoresistance of CeSb, which is
a 4f monopnictide with unquenched L [18]. In general, it is
observed that the orbital part can induce a wide variety of
transport phenomena [19], which belong to the most recent
discipline of orbitronics.

In our study, we restrict our discussion to the simplest case
to qualitatively justify the orbital momentum dependence on
the magnetic field and its influence on the anisotropy. First,
we note that spin-orbit coupling induces an antiparallel align-
ment of the effective L = 1 orbital angular momenta L; and
L, to the corresponding magnetic spins for each sublattices
[17]. The external magnetic field B < By aligned parallel to
the magnetic spins does not change this configuration; the
orbital angular momenta are aligned antiparallel to spins with
L.j = %1 (where the quantization axis x is parallel to the
easy axis). However, the magnetic field, oriented generically
in the xy plane, induces mixing of the states with the pro-
jections L;, = %1, and 0. This mixing, in turn, results in a
nonzero expectation values of quadrupolar variables, (L jxl: i)
(j = 1, 2) and additional spin anisotropy K;‘ijy (B)n.n, with
Axy(B) = Zj:l,Z (ijLjy)'

To calculate the quantum states of the orbital momenta we
introduce the Hamiltonian [17]:

A = " [-K"(Lje;)* +A8,L; + 2usBLj1. (3

j=12

where K* is anisotropy of the angular momentum, the con-
stant A parametrizes spin-orbit coupling, and pp is the Bohr
magneton. We assume that the orientation of the Néel vec-
tors is fixed along x and the local quantization axes e;
are parallel/antiparallel to the Néel vector (e; 1] e; 11 X).
Figure 5 shows the field dependence of A, (B) (see the Sup-
plemental Material for more details). Below the critical field
(red line), A, (B) is close to zero, as the quadrupoles (ﬁlxﬁ] y)
and (ﬁzxizy) have opposite signs and almost compensate each
other. However, close to the critical field value, the magnetic
field is large enough to align both orbital momenta parallel
to the magnetic field, and both quadrupoles have the same
sign. This induces a rapid increase of A, (B) above the critical
field with the maximum anisotropy value achieved for the
field parallel to the hard axis. There is a nonlinear dependence
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FIG. 5. The value of the field-induced anisotropy A,,(B) =
> j:m(I: jxLj,) (color code, dimensionless) as a function of the ori-
entation and the magnitude of the magnetic field. The star line shows
the value of the threshold field By, () below which the field-induced
anisotropy is negligible. The HA and EA denote a hard and an easy
axis, respectively.

of A,,(B) on the magnetic field [10] above the critical field,
which we substitute with the B relation for simplicity in our
phenomenological energy term [Eq. (2)]. The value of the
critical field scales with spin-orbit coupling A and corresponds
to the spin-flop field By if B is parallel to an easy axis.
Field-induced rotation of orbital states can induce additional
strain u,, < Ay, that through a magnetoelastic mechanism
contributes into effective magnetic anisotropy. We conjecture
that a direct experimental confirmation of such behavior of
the angular momentum could be performed, for example,
by studying the magnetic field induced frequency shift of
the magnon modes with optical excitation. We also notice a
similarity of the considered case to the Pashen-Back effect, in
which the magnetic field is much stronger than the spin-orbit
coupling of a system [20].

To summarize, we report the observation of the hysteresis
loops in the angular dependence of magnetoresistance of a
thin film of CoO with adjacent Pt layer. The hysteretic be-
havior is unexpectedly present above the spin-flop field and
persists up to the highest tested magnetic fields (30 T). It can
be interpreted by the dependence of the magnetic anisotropy
on the external magnetic field. The unquenched orbital an-
gular momentum is a likely reason for the observed effects.
These findings highlight the role of the anisotropy variations
induced by the magnetic field and the role of the unquenched
orbital momentum in the physics of antiferromagnets and their
potential applications.
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