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Sub-spin-flop switching of a fully compensated antiferromagnet by magnetic field
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The control of antiferromagnets by magnetic fields represents a fundamental challenge in condensed matter
physics, owing to their fully compensated magnetic order and vanishing net magnetization. Conventional meth-
ods rely on either uncompensated moments or high-field spin-flop transitions. Here, we demonstrate low-field
switching in the fully compensated antiferromagnet CeNiAsO—a material recently proposed as a candidate
for p-wave magnetism. Using an in-plane magnetic field well below the spin-flop threshold, we selectively
stabilize one of two degenerate antiferromagnetic domains with mutually orthogonal sublattice orientations.
This field-induced domain selection allows reversible and nonvolatile switching of a giant in-plane resistivity
anisotropy up to ∼35%—a magnitude that far exceeds conventional anisotropy signals driven by spin-orbit
coupling. The switching behavior persists across both the low-temperature noncollinear Néel phase and the
higher-temperature collinear spin-density-wave phase, highlighting the universality of the domain-selection
mechanism. Our work establishes an approach for manipulating compensated antiferromagnets with modest
magnetic fields and underscores their potential for high-performance spintronic devices based on giant and
switchable resistivity anisotropy.
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I. INTRODUCTION

The application of magnetic fields constitutes one of
the most fundamental and effective means to control the
electronic properties of materials. In magnetic systems in
particular, realigning magnetic moments with an external
magnetic field can dramatically alter electronic transport and
lead to phenomena such as magnetoresistance and zero-field
anisotropic resistivity. This ability is essential both for prob-
ing fundamental magnetic interactions and spin-dependent
scattering processes and for enabling key technologies such
as magnetic data storage and sensing. While highly effec-
tive in ferromagnets and ferrimagnets—owing to their net
magnetization—magnetic manipulation of antiferromagnets
remains challenging [1–4]. Their fully compensated magnetic
structure yields zero net moment, making antiferromagnets
largely “invisible” to moderate magnetic fields and thus dif-
ficult to control.

To date, two primary mechanisms allow magnetic-field
control in antiferromagnets. The first requires symmetry
breaking that introduces a small net magnetization, en-
abling indirect reorientation of the Néel vector via field-
induced torque of the net moment. This approach, however,
does not apply to perfectly compensated, high-symmetry
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antiferromagnets. The second mechanism is the spin-flop ef-
fect [5,6], in which a sufficiently strong magnetic field applied
causes the sublattice moments to reorient abruptly to the plane
perpendicular to the field and then forms a canted antifer-
romagnetic (AFM) state that evolves with increasing field
strength. Although effective, this process typically requires
large, often impractical, magnetic fields and alters the original
AFM ground state. As a result, controlling fully compensated
antiferromagnets with realistic magnetic fields remains a fun-
damentally outstanding challenge.

Compounding this difficulty, the electrical detection of
antiferromagnetic order presents an equally formidable ob-
stacle. Conventional probes such as neutron scattering or
specialized optical techniques [7] demand sophisticated in-
strumentation and are incompatible with standard device
architectures. While spin currents associated with AFM or-
der can be generated, their electrical readout generally relies
on engineered heterostructures—such as antiferromagnetic
tunnel junctions (exploiting tunneling magnetoresistance) [8]
or antiferromagnet/heavy-metal bilayers (utilizing the inverse
spin Hall effect) [9]. Direct electrical transport measure-
ments within a single-phase AFM material typically depend
on relativistic spin-orbit-coupling (SOC) effects, such as
anisotropic magnetoresistance, which usually produce weak
signals [10–20]. Even the anomalous Hall effect, allowed only
in systems with broken time-reversal and spatial symmetries,
typically exhibits a Hall angle on the order of 1%, limiting its
utility for practical applications [21]. Consequently, achieving
both efficient control and robust electrical readout of AFM
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states in a single, fully compensated material has remained
elusive.

In this work, we demonstrate successful manipulation
of CeNiAsO [22–24], a fully compensated antiferromagnet,
using a magnetic field well below the spin-flop threshold—
thereby overcoming the long-standing control challenge—and
simultaneously realize highly efficient electrical detection via
a giant, switchable resistivity anisotropy. We report a large
twofold in-plane resistivity anisotropy (∼35%) between two
perpendicular crystalline axes. By applying an in-plane mag-
netic field, we achieve reversible and nonvolatile switching
of the resistivity anisotropy upon alternating the field direc-
tion. We attribute this effect to magnetic-field-induced lifting
of degeneracy between two symmetrically equivalent AFM
domains with mutually orthogonal sublattice orientations; the
field selectively stabilizes one domain, thereby switching the
resistivity anisotropy. Remarkably, this switching is observed
in both the ground-state noncollinear AFM phase and the
higher-temperature collinear spin-density-wave (SDW) phase,
suggesting that the underlying domain-selection mechanism is
universal across different magnetically ordered states.

II. METHODS

CeNiAsO single crystals were grown via a two-step
process. First, polycrystalline samples were synthesized by
solid-state reaction as reported previously [22]. Second, sin-
gle crystals were grown by the self-flux method using NaAs
as flux. Polycrystalline CeNiAsO and NaAs powders were
loaded into an alumina crucible at a 1:2 mass ratio. The cru-
cible was first sealed in an Nb tube and then in an evacuated
quartz tube. The mixture was heated to 1300 ◦C over 10 h,
held for 10 h to ensure complete melting, and then slowly
cooled to 1200 ◦C at 1 ◦C/h before furnace shutoff. Typical
crystals have a square shape with the size of approximately
0.4 × 0.4 × 0.15 mm3. The chemical composition and crystal
structure are determined by energy-dispersive x-ray spec-
troscopy and single-crystal x-ray diffraction, respectively (see
Supplemental Material Ref. [25]). The crystalline axes were
checked by a Laue diffractometer. Specific-heat and resistivity
measurements were performed on a physical property mea-
surement system (Quantum Design). Magnetic susceptibility
was measured on a magnetic property measurement system
(Quantum Design). Magnetic restriction was measured by a
home-made device in an 18-T magnet.

III. RESULTS AND DISCUSSIONS

We provide a brief overview of the crystal and mag-
netic structures of CeNiAsO before presenting our data.
CeNiAsO is a structural analog of the 1111-type iron-based
superconductors, crystallizing in the tetragonal ZrCuSiAs-
type structure with space group P4/nmm (No. 129) [22].
Its lattice constants are comparable to those of cuprates and
iron-based superconductors, which may favor coupling with
high-temperature superconductivity. This compound under-
goes two successive AFM transitions at TN1 and TN2 with
magnetic moments on Ce ions [22–24]. Both pressure and
phosphorus doping suppress the AFM orders and induce
a quantum critical point [26]. These results highlight the

FIG. 1. (a) Sketch of the commensurate Néel (upper panels) and
incommensurate SDW (lower panels) in-plane magnetic structures of
CeNiAsO for T < TN2 and TN2 < T < TN1, respectively [23]. Only
cerium atoms are shown for simplicity. The red and blue dashed
lines define the nuclear and Néel-order magnetic in-plane unit cells,
respectively. Note that the full incommensurate modulation in the
SDW state is not displayed since only one magnetic unit cell for
the Néel state is shown. While aT and bT lattice constants are the
same in the tetragonal symmetry, lattice constants aM and bM in the
magnetic unit cell are equal to 2aT and bT , respectively. This results
in two domains (D1 and D2) for each AFM order. (b) Temperature
dependence of in-plane resistivity. The inset shows its first derivative
at low temperatures where TN1 and TN2 are labeled. (c) The temper-
ature dependence of specific heat C/T below 14 K at 0 and 7 T.
(d) Temperature dependence of magnetic susceptibility χ = M/H
for the field H parallel to a and c axes, respectively. The blue line
is the Curie-Weiss fit result for the χa. The inset shows the M-H loop
at various temperatures with H//a.

heavy-fermion behavior of the electronic system. The mag-
netic ground state of CeNiAsO exhibits a commensurate Néel
order, characterized by a noncollinear magnetic arrangement
of moments within the ab plane without c-axis canting [23].
This results in a magnetic unit cell that doubles the tetragonal
crystallographic unit cell, with in-plane lattice constants sat-
isfying aM = 2aT and bM = bT , where the subscripts M and
T denote the magnetic and tetragonal unit cells, respectively
[Fig. 1(a)]. Specifically, the Ce moments exhibit ferromag-
netic alignment along the bM axis and AFM alignment along
the aM axis, with the moments canted at approximately 36◦
relative to the aM axis. This magnetic structure gives rise to
two energetically degenerate domains, denoted as D1 and D2.
These domains are related by a C4 rotation about the c axis
[Fig. 1(a)]. Between TN2 and TN1, the Néel-ordered states in
both D1 and D2 evolve into a collinear incommensurate SDW
phase. In this phase, stripelike ferromagnetic sublattices form
along the bM direction, with the Néel vector oriented along
the aM direction [Fig. 1(a)]. Above TN1, CeNiAsO enters the
paramagnetic phase. Recently, CeNiAsO has been proposed
as a candidate to host p-wave magnetism with many interest-
ing phenomena in its noncollinear AFM ground state [27–37].
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FIG. 2. (a) Field dependence of resistance at 1.8 K. The current
is applied along the lattice’s a axis. x and y directions are defined as
parallel and perpendicular to the current direction, respectively. The
arrows indicate the field application process. (b) Angular dependence
of resistance at 1.8 K. The arrows indicate ascending or descending
angle scans. (c) Field dependence of resistance at 7 K. (d) Angular
dependence of resistance at 7 K. The resistance values in panels
(b) and (d) have been shifted by a constant at each field for better
presentation.

The presence of these magnetic phases is clearly revealed
in our transport measurements using the CeNiAsO single
crystals. Figure 1(b) displays the temperature dependence
of in-plane resistivity at 0 T, with its first derivative shown
in the inset. TN1 and TN2 are 8.8 and 6.2 K, respectively.
Figure 1(c) presents the low-temperature specific heat ver-
sus temperature, where a 9-T field has almost no effect on
the specific heat. These results confirm two AFM transitions
consistent with prior polycrystalline studies [22]. Figure 1(d)
shows temperature-dependent magnetic susceptibility, reveal-
ing strong magnetic anisotropy for H//a and H//c from
300 K down to 2 K. The high-temperature H//a data (χa) can
be fitted by the Curie-Weiss function, χ = χ0 + C/(T − θW ),
where χ0, C, and θW are the temperature-independent back-
ground, Curie constant, and Weiss temperature, respectively.
The fitting yields θW = −23.8 K and μeff = 2.11μB, close to
those reported for polycrystalline samples [22,23]. The weak
temperature dependence of χc prevents reliable Curie-Weiss
fitting.

To measure the in-plane resistivity anisotropy, we apply
an in-plane magnetic field—along either the x axis or the y
axis—to lift the degeneracy between D1 and D2 by intro-
ducing an energy splitting between the two domains. Here
the x axis and the y axis are defined as the field parallel
and the field vertical to the current flowing along the lattice
a axis, respectively [inset of Fig. 2(a)]. Figure 2(a) shows
the field dependence of resistance at 1.8 K. For H//x, the
resistance increases rapidly from the zero-field-cooled (ZFC)
value [RZFC(0 T)] with increasing field without saturation up
to 9 T. Afterwards, the sample remains in a high-resistance
state. Intriguingly, butterfly-shaped hysteresis emerges, and

the field-trained zero-field resistance [RFT(0 T)] (i.e., zero-
field resistance after field sweeping up to 9 T and then down
to 0 T) does not depend on field application history anymore.
A complementary behavior is observed for H//y, where the
resistance initially decreases with increasing field and then the
sample stays in a low-resistance state.

To better understand the anisotropic resistance, we mea-
sured the angular-dependent magnetoresistance (AMR) with
the field rotating within the ab plane. Figure 2(b) shows the
results at 1.8 K. All curves exhibit 180◦ periodicity, confirm-
ing the in-plane twofold symmetry of resistivity anisotropy. At
9 T, the AMR follows a nearly squared functional form rather
than trigonometric functions, indicating that the anisotropy
is not associated with the projection of the magnetic field.
Significant hysteresis emerges between ascending and de-
scending angular sweeps at all fields. We also perform
magnetoresistance (MR) and AMR measurements at various
temperatures. Interestingly, similar behaviors are observed at
7 K [Figs. 2(c) and 2(d)], where the sample resides in the
incommensurate SDW state, albeit with minor differences in
the hysteresis features. These results suggest that the sample
exhibits strong in-plane resistivity anisotropy with twofold
symmetry in both the Néel and the SDW states.

Figures 3(a) and 3(b) display the AMR at 9 T below and
above TN1, respectively. The squared twofold angular depen-
dence persists up to 8 K and vanishes near TN1. Well above
TN1, the AMR follows a conventional trigonometric form that
originates from the Lorentz effect. Although the hysteresis be-
havior shows no significant difference in different phases, �θ

at 9 T, defined as the angular difference between ascending
and descending angular scans, decreases initially with increas-
ing temperature, peaks at TN2, and decreases rapidly to zero
approaching TN1 [Fig. 3(c)]. Intriguingly, while �R/RAVE,
defined as the ratio of the difference between maximum and
minimum resistance at the largest MR hysteresis to their av-
erage value, shows a similar temperature trend, its peak lies
between TN1 and TN2 with a minimum at TN2 [Fig. 3(d)].

To quantitatively study the resistivity anisotropy, we define
the dimensionless anisotropic ratio ζ as (Rx − Ry)/Ry, where
the subscripts denote the field orientation parallel to the x axis
and the y axis, respectively. Due to hysteresis in MR, ζ clearly
depends on field-application history. To obtain ζ at zero field,
we employ the following field-training process: the sample is
zero-field cooled to the target temperature, then subjected to
9 T, and finally returned to zero field. Figure 3(e) shows the
temperature dependence of ζFT(0 T), which decreases initially
with increasing temperature, exhibits a hump slightly above
TN2, and approaches 0 above TN1. ζ ZFW

FT (0 T), which is field-
trained at 1.8 K followed by zero-field warming, shows similar
values at low temperatures but exhibits no hump around TN2

and decreases rapidly to 0 when approaching TN1 [Fig. 3(e)].
While TN2 is discernible in ζ (0 T), it becomes nearly indistin-
guishable in ζ (9 T) as shown in Fig. 3(f). These complicated
temperature-dependent behaviors could come from factors
including the relaxation time, the band splitting, the magnetic
structure and the ordered moment values [23], and the pinning
strength of magnetic domains.

The observed twofold zero-field in-plane resistivity
anisotropy suggests a breaking of rotational symmetry from
C4 to C2 in the AFM states. As a structural analog of the
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FIG. 3. (a) and (b) Angular dependence of resistance at 9 T be-
low and above TN1, respectively. (c) and (d) Temperature dependence
of the hysteretic angle δθ in AMR at 9 T and maximum hysteretic
resistance �R in MR, respectively. (e) Temperature dependence of
anisotropic ratio ζ (0 T) (as defined in the text). Both ζFT(0 T) and
ζ ZFW

FT (0 T) are measured at zero field. However, the former is mea-
sured after 9-T field training at each temperature, while the latter
is obtained after 9-T field training at 1.8 K followed by zero-field
warming. (f) Temperature dependence of ζ (9 T).

1111-type iron-based superconductors, a natural explanation
would involve nematic order, which is commonly accompa-
nied by a tetragonal-to-orthorhombic structural transition and
widely observed in iron-based superconductors [38,39]. How-
ever, our low-temperature structural analysis of CeNiAsO
reveals no structural change from room temperature down to
5 K, as evidenced by single-crystal x-ray diffraction (XRD)
pattern and the absence of splitting or even broadening in
the nuclear Bragg peaks [Figs. 4(a) and 4(b)]. Furthermore,
although the elastoresistance responds to the AFM transitions
[Fig. 4(c)], its magnitude is significantly weaker than that in
iron-based superconductors. Moreover, the temperature de-
pendence of the elastoresistance shows no divergent behavior
upon approaching the transitions—a hallmark of a nematic
transition [40–42]. Notably, the absence of a structural change
also makes the existence of orbital order unlikely, although
further investigation is still needed. The magnetorestriction of
CeNiAsO exhibits quadratic field dependence up to 18 T yet
shows no hysteresis [Fig. 4(d)], which also excludes magne-
toelastic coupling as the origin of the resistivity anisotropy.

As described above, resistivity anisotropy observed in
AFM systems is commonly attributed to AFM domains
[14,16–20]. Figure 4(e) shows the difference in magnetization

FIG. 4. (a) A single-crystal XRD pattern at L = 12 and T = 5 K.
(b) A cut along the H direction for the (3,2,12) Bragg peak at 5, 7, and
20 K. (c) Temperature dependence of elastoresistance d (R/R0)/d p.
The inset illustrates the direction of the uniaxial pressure applied.
(d) Field dependence of the relative length change at 1.6 K. The inset
illustrates the direction of the magnetic field applied. (e) Magnetiza-
tion difference between decreasing and increasing fields at various
temperatures. (f) Temperature dependence of the hysteresis loss.

between decreasing and increasing fields at various tempera-
tures, revealing hysteresis behavior below TN1. This is further
illustrated by the temperature dependence of the hysteresis
loss (i.e., the area of the hysteresis loop) in Fig. 4(f). The
hysteresis can be attributed to the movement of noncollinear
AFM domains in the Néel state with anisotropic susceptibility.
The absence of hysteresis between TN1 and TN2 is plausible
due to the much weaker anisotropic susceptibility in the SDW
state. Notably, magnetic-field control of AFM domains and
the resulting resistivity anisotropy have also been observed
in iron-based superconductors [43], which is attributed to the
nematic order that couples to orthorhombic structure. Accord-
ingly, the magnetoresistance behavior can be well attributed
to the remodulation of the domain populations or alignments.
In the ZFC process, the AFM domains distributed randomly
due to the tetragonal lattice symmetry and thus the resis-
tivity anisotropy is barely observable. With changing field
at low temperatures, one of the domains becomes dominant
[Fig. 1(a)]. The hysteresis behavior comes from remodulation
of the relative concentrations of two domains. This is different
from the typical anisotropic magnetoresistance, which comes
from the moment rotation under magnetic field due to spin-
orbit coupling.
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FIG. 5. (a) Control of ζ (0 T) at 1.8 K with magnetic field alter-
nating along x and y directions. (b) ζ values in various AFM systems
[10–20].

While the anisotropic resistivity behavior is coupled with
magnetic domains, the reason behind this unprecedentedly
large anisotropy is worth further discussing. CeNiAsO has
been theoretically proposed as a p-wave magnet due to the
[C2⊥||t] spin symmetry of its noncollinear, coplanar mag-
netic structure in the Néel state [27]. Accordingly, a large
in-plane anisotropic conductivity is predicted. The anisotropic
value (σyy − σxx )/(σxx + σyy), as defined in Ref. [27] (note
that the definition is different from ζ ), is approximately 0.15
at 1.8 K in our measurements [Fig. 2(a)], which quantita-
tively agrees with the theoretically calculated value. While
this seems to support p-wave magnetism in CeNiAsO, the
similar anisotropic behavior in the SDW state [Fig. 2(c)] casts
a shadow over such an exotic explanation. The pronounced
structural anisotropy of the stripelike magnetic sublattice
may provide an alternative mechanism for the observed phe-
nomenon, potentially enabling Néel spin currents along the
stripe direction while suppressing them perpendicular to it
[44]. Further theoretical and experimental studies are there-
fore needed to unambiguously determine the microscopic
origin of the anisotropic resistivity in CeNiAsO.

Our results demonstrate a nonvolatile, field-driven domain
selection and resistivity switching in CeNiAsO and its poten-
tial for field-controlled memories. We therefore implement
a writing protocol using pulselike in-plane magnetic fields
to deterministically train the domains. The written states are
then read out by exploiting the resistance states associated
with the domain configuration [Fig. 5(a)]. At 1.8 K, reversible
switching between high- and low-resistance states is achieved
by applying alternating magnetic-field pulses along the x-
and y directions. This write-read cycle can be repeated over
multiple iterations without degradation in resistance contrast,
demonstrating robustness and nonvolatility. The resistivity
anisotropy in the AFM state of CeNiAsO is remarkably large
compared to that in other AFMs. As shown in Fig. 5(b), the
zero-field ζ for CeNiAsO is nearly an order of magnitude
greater than that of other AFM systems [10–20].

These results have significant implications for AFM spin-
tronics: It is widely believed that controlling antiferromagnets
with an external magnetic field is extremely difficult below
the spin-flop transition. However, our work demonstrates that
the magnetic field can effectively manipulate the relative
populations of magnetic domains, leading to a pronounced
and nonvolatile resistance change. The observed anisotropy
(>30%) implies a large on/fff ratio comparable to that of
conventional spintronic devices based on the giant magnetore-
sistance effect—yet achieved without the need for complex
multilayer structures.

IV. CONCLUSIONS

In summary, we have demonstrated a dual breakthrough
in the manipulation and electrical readout of a fully com-
pensated antiferromagnet. By applying an in-plane magnetic
field well below the spin-flop threshold, we achieve non-
volatile, reversible switching of the Néel order between
two orthogonal domains in CeNiAsO. Crucially, this switch-
ing is directly manifested as a giant in-plane resistivity
anisotropy up to ∼35%, which far exceeds conventional
SOC-driven signals and enables robust, all-electrical detec-
tion using standard transport measurements in a single-phase
material. The effect persists across distinct magnetic phases—
both the low-temperature noncollinear AFM state and the
higher-temperature collinear SDW phase—highlighting the
universality of the underlying domain-selection mechanism.
Our work establishes a pathway to control and probe com-
pensated antiferromagnets with modest magnetic fields and
simple device geometries, opening new opportunities for anti-
ferromagnetic spintronics based on intrinsic, large-magnitude
transport signatures, with further reduction of the required
fields expected to enhance practical applicability.
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