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Electrical readout of metallic antiferromagnet (AFM) memories is typically realized by measuring the
anisotropic magnetoresistance (AMR), but the mechanisms for enhanced AMR are not yet established. We
study AMR of single crystals of AFM Fe,As from T'= 5 K to above the Néel temperature, 7y ~ 353 K.
With an applied magnetic field B rotating in the (001) plane, we observe a peak-to-peak AMR change of
1.3% for B > 1 T at T = 5 K, one order of magnitude larger than reported in CuMnAs, a widely studied
candidate for AFM spintronics. The AMR varies strongly with temperature, decreasing by a factor of
approximately 10 at 7'~ 200 K. Our results suggest that large AMR in easy-plane AFMs may require
Néel temperatures that greatly exceed room temperature.
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I. INTRODUCTION

Antiferromagnetic materials have great potential in
next-generation spintronic devices. Their attractive prop-
erties include the absence of stray fields, insensitivity
to external fields, and terahertz-frequency spin dynamics
[1-3]. A key challenge of antiferromagnetic spintronics is
finding an efficient method for determining the magnetic
order parameter, i.e., the orientation of the Néel vector.
One method to determine the orientation of the Néel vector
is by measuring the anisotropic magnetoresistance (AMR).
AMR has been used in the past for readout in ferro-
magnetic memory [4], and widely used in magnetic field
sensors [5]. AMR is an even function of magnetization and
is therefore also present in antiferromagnets [6].

In this work, we use the term AMR to refer to the
effect of the orientation of the Néel vector on the elec-
trical resistance of an antiferromagnet (AFM). Therefore,
the dominant mechanism of AMR in a metallic AFM
is distinct from ordinary magnetoresistance (OMR), i.e.,
the effect of the orientation of the magnetic field on the
resistance of a metal. In OMR, an external field perpen-
dicular to the current leads to a longer current path and
larger resistivity. The magnitude of OMR in typical met-
als scales as (uB)?, where u is the electrical mobility [7].
Since the mobility of our Fe,As is small, of the order of
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3 em? V~1s~! at low temperatures [8], conventional OMR
should be negligible in our samples.

A large, approximately 4%, AMR in Cr was observed
50 years ago by comparing the resistivity parallel and
perpendicular to the Néel vector of a single domain sam-
ple created by cooling through the Néel temperature in a
strong magnetic field [9]. (The domain wall magnetoresis-
tance of Cr has also been quantified [10].) The emergence
of AFMs as potential memory elements has motivated a
large number of experimental and theoretical studies of
AMR in metallic and semiconducting AFMs in recent
years [6,11,12]. The AMR of Sr;IrO4 is 10% [11,12].

Fe,As is a metallic conductor and therefore comparisons
to other metallic AFMs are most relevant. The systems
that have received the most attention are FeRh, Mn,Au,
and CuMnAs. FeRh with a small excess of Rh is predicted
to have an AMR of 1.5% [13]. FeRh is among the few
materials that have a transition between ferromagnetic and
antiferromagnetic order as a function of temperature. This
behavior enables the control of the Néel vector orientation
by cooling through the transition temperature in an eas-
ily accessible magnetic field of 1 T [13]. The measured
value of the AMR is of the order of 0.3% at 7 =200 K
and 1% at 80 K. In the thin-film samples of FeRh studied
by Marti et al. [13], the orientation of the Néel vector in
the AFM phase is preserved even when exposed to strong
magnetic fields of 9 T. The resistance is not independent
of the orientation of the 9 T magnetic field rotating in the
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plane of the sample, but the changes in resistance are much
smaller, of the order of 0.1% at 7= 200 K, than the AMR
that derives from the orientation of the Néel vector relative
to the current direction [13].

The AFM domain texture and AMR of Mn,Au has
been studied extensively. MnyAu was predicted from first
principles to have a high Néel temperature with easy-
plane magnetocrystalline anisotropy [14,15]. This mag-
netic behavior was later confirmed by neutron diffraction
[16]. In 2018, Bodnar et al. [17] calculated the AMR of
Mn;Au for both the hard (100) and easy (110) directions
as a function of disorder and found AMR as large as 6% for
compositions with excess Au in the hard direction. In 2020,
Bodnar et al. [18] reported a thorough study of magnetore-
sistance of MnyAu in pulsed magnetic fields of strength
up to 60 T. The authors concluded that a field of 30 T is
needed to form a single antiferromagnetic domain and that
the AMR in the easy direction is approximately 0.15%.
As was the case for FeRh thin films [13], it has not yet
been possible to observe AMR in Mn, Au produced by the
rotation of the Néel vector in response to a rotating mag-
netic field. Polycrystalline samples of Mn, Au created from
bulk ingots, however, do not show hysteresis in the mag-
netic susceptibility [16]; the reversibility of the magnetic
susceptibility implies that Mn, Au prepared from the melt
may have domain structures that are easier to manipulate
than the domain structures in thin-film materials created by
sputter deposition.

The chemical and magnetic structure of Fe, As is closely
related to the structure of CuMnAs. Wang et al. [19]
reported AMR with twofold symmetry reaching 0.5%
at 7=2 K in 50 nm thick tetragonal antiferromagnetic
CuMnAs epitaxial layers. The AMR decreases to 0.3%
at room temperature. The CuMnAs film was grown on a
GaP(001) substrate with the hard magnetic axis normal
to the surface. Volny et al. [20] studied bulk CuMnAs in
the tetragonal phase, reporting a 0.12% magnitude twofold
AMR signal with an applied field of B = 6 T that decreases
slightly with temperature between 5 and 400 K.

Fe,As is a tetragonal collinear AFM with globally
centrosymmetric but locally noncentrosymmetric mag-
netic structure [21]. A metallic AFM with these sym-
metry elements, such as CuMnAs [22—24] and Mn,Au
[17], have been shown to have potential to be switched
electrically. Moreover, Fe;As, CuMnAs, and M,Au are
“easy-plane” AFMs: the spin magnetic moments lie in
the (001) plane with two degenerate orientations. Yang
et al. [25] recently measured the in-plane fourfold mag-
netocrystalline anisotropy of a millimeter-size bulk crystal
of Fe,As by torque magnetometry and found an extremely
small easy-plane anisotropy of 150 J/m? at T=4 K. A
relatively small applied field of B ~ 2 T was found to be
sufficient to form a single domain at room temperature.

In this work, we characterize the magnitude of the AMR
response in metallic millimeter-sized single crystals of

Fe,As as a function of temperature and applied magnetic
field. The use of single-crystal samples minimizes extrinsic
effects created by inhomogeneous strain and high densities
of extended defects that are common in thin-film mate-
rials. In the low-temperature limit, 7~ 5 K, the AMR
response reaches 1.3%. The AMR response decreases to
0.04% at room temperature and falls to near zero at the
Neéel temperature (approximately 353 K). The temperature
dependence of the AMR response differs qualitatively from
that of the electrical resistivity or the square of the sublat-
tice magnetization, indicating that other quantities play a
role in determining the temperature dependence of AMR
in Fe,As.

We contrast our findings for Fe, As with what has been
observed in epitaxial layers of CuMnAs [19]. In both
Fe;As and CuMnAs, a field strength of B < 1 T is suffi-
cient to saturate the AMR signal. However, Fe, As displays
an AMR signal at low temperatures, 7 < 50 K, that is
an order of magnitude larger than CuMnAs. The strong
temperature dependence of the AMR signal we observe
in FeyAs is not observed in CuMnAs [19] or typical
ferromagnetic alloys [26].

II. EXPERIMENT

Fe,As single crystals are synthesized by mixing Fe and
As powders and vacuum sealing the starting materials in
a fused quartz tube. The quartz tube is heated at 1 °C/min
to 600 °C and held for 6 h in a furnace. The temperature is
then ramped to 975 °C at 1 °C/min and held for 1 h before
cooling to 900 °C at 1°C/min. Finally, the quartz tube is
kept at 900 °C for 1 h and allowed to cool to room tempera-
ture in the furnace at 10 °C/min or, for selected samples, at
1 °C/min. We obtained large silver-hued crystals of Fe, As.
From previous studies described in Ref. [21], Fe,As sam-
ples are known to be slightly off-stoichiometric, with Fe
deficiency of 0.05 to 0.08 out of 2, evaluated using Ruther-
ford backscattering spectrometry and Rietveld refinements
to x-ray and neutron diffraction data. The defects that cre-
ate the off-stoichiometry are not yet known but antisite
defects (As on Fe sites) are likely candidates. The defects
that are responsible for the off-stoichiometry are also the
likely cause of the large residual electrical resistivities of
our samples.

We use a wire saw to cut Fe,As crystals into approx-
imately 200-um-thick plates with surfaces parallel to the
(001) planes of the crystal. Fe, As slices are polished down
to 80 um thickness with diamond lapping films from 9,
3,1 um down to 0.1 um. X-ray diffraction pole figures are
performed after polishing. The miscut of the samples away
from the (001) orientation of the crystal is less than 10°.

To prepare a substrate for the measurements of AMR,
we deposit four 200 x 200 wm? 200-nm-thick Au contact
pads ona 1.5 x 2 cm? fused quartz plate. The Fe,As slices
are attached to this substrate with epoxy. We wire bond the
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Fe,As along the [100] orientation at four points, approxi-
mately 200 um apart, to the contact pads. The wire bonds
use 25 um diameter, approximately 2 mm long 1% Al:Si
wire. The misalignment of the current direction relative to
the crystallographic axis is less than 12°. The Fe,As sam-
ple and substrate are mounted to a sample holder puck
with silver paint. We then wire bond the sample from
the contact pads to electrodes of the sample holder puck.
The resistance of the individual wire bonds is about 1 €.
The resistance of the sample is measured by a four-point
method.

Temperature and magnetic-field-dependent AMR mea-
surements are performed in a Quantum Design physical
property measurement system (PPMS). We use the hor-
izontal sample rotator of the PPMS to control the angle
between the crystal and the applied magnetic field. Dur-
ing the measurement, the sample is rotated in the applied
field in the (001) easy plane. Probing currents of 3 mA are
applied along the [100] direction, corresponding to a cur-
rent density of 2 x 10° A cm™2. Typical switching current
densities for similar materials, e.g., CuMnAs and Mn;Au,
are at least 5000 times higher [27]. We record the longi-
tudinal resistance change along the [100] crystal direction,
AR = R — R, where R is the average resistance over the
full sweep of the orientation of the applied magnetic field
in the (001) plane.

We prepared five samples from four growth runs: 1, 2a,
2b, 3, and 4, in which 2a and 2b are from the same growth
run. We cooled sample 4 to room temperature at a lower
rate of 1 °C/min. We measured the room-temperature elec-
trical resistivity of all samples using a four-point probe
with probe spacing 200 um. The uncertainty in the four-
point probe measurement is 15%. The geometry factor
A/L of the wire-bonded sample used in the PPMS mea-
surements is found by comparing the room-temperature
resistance R measured in the PPMS system to the room-
temperature resistivity o measured by the four-point probe,
A/L = p/R. The PPMS measurements of resistance are
converted to resistivity using p(7) = R(T)(A/L).

ITI. RESULTS AND DISCUSSION

The Fe,As single crystals have resistivities of the order
of 100 Q2 cm; see Fig. 1. Our results are similar to pre-
viously reported measurements of Fe,As polycrystals [28,
29]. The samples studied by Takeshita et al. [29], however,
show a larger relative change between high temperatures
and low temperature, i.e., larger residual resistance ratio,
than our samples or the samples studied by Zocco et al.
[28]. At T < 10 K, the resistivity is constant. The resistiv-
ity increases with temperature for 7' > 30 K, presumably
due to an increasing rate of electron-phonon scattering, and
approaches a plateau near room temperature.

The residual resistivity of sample 1 is a factor of approx-
imately 2 larger than the residual resistivity of the other
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FIG. 1. Temperature dependence of the electrical resistivity
of Fe,As along the (100) orientation for five different samples,
labeled as 1, 2a, 2b, 3, and 4.

samples. We are unsure of the origin of this difference and
tentatively assign the higher residual resistivity of sample
1 to a higher density of antisite defects, associated with
deviations from stoichiometry. Sample 4 has about a 25%
smaller residual resistivity than samples 2a, 2b, and 3. We
attribute this difference to the factor of 10 slower cooling
rate for this sample.

We characterize the AMR of our samples by the change
in the longitudinal resistivity normalized by the average
resistivity Ap/p; see Fig. 2. The change in resistivity
is positive when the field is perpendicular to the cur-
rent direction. With increasing field strength, the AMR
increases and saturates at applied fields above 1 T. At high
fields, the Néel vector is perpendicular to the applied field;
therefore, the resistivity is at a maximum when the current
direction is in the same direction as the Néel vector. The
change in resistance is well described by a Ap o cos(26)
dependence, where 6 is the angle between the magnetic
field and the current direction.

During an angular sweep of the applied magnetic field,
we do not observe significant hysteresis of the AMR
response. This is in contrast to the hysteresis in the domain
structures of a 10 nm CuMnAs film at 200 K [19],
where hysteresis of the order of 20% was observed. The
lack of hysteresis in our measurements suggests that our
single-crystal Fe, As samples have fewer or weaker domain
pinning sites. On the timescale of our AMR measure-
ments, an equilibrium domain structure is established by
the magnetic field that drives the domains toward a sin-
gle orientation and random strains in the crystal that drive
the domains toward a disordered structure [30]. (We dis-
cuss the reversibility of the AFM domain structure in more
detail below.)

For a typical tetragonal crystal, the angular dependence
of AMR can be described by a phenomenological model
[31]. The resistivity of the sample depends on the relative
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FIG. 2. Change in the longitudinal resistivity Ap/p of Fe,As as a function of the strength and orientation of the applied magnetic

field for sample 2a; 0 is the angle between the applied field and the current direction. The magnetic field is rotating in the (001) plane of
the crystal. The electrical current is in the [100] direction. The three panels summarize data for three sample temperatures: (a) 7 = 4 K,
(b) T=77K, and (c) T = 200 K. Open symbols are measured data labeled by the strength of the magnetic field; solid lines are fits to

the data of the functional form Ap/p o cos26.

orientation of the Néel vector, the magnetic field direc-
tion, the current direction, and the crystal axes. Because
of the symmetry of the crystal, there are twofold and
fourfold contributions to the AMR. We fix the current
direction along the [100] direction of the crystal by the
placement of the wire-bonded contacts. In the high-field
limit where the orientation of the Néel vector is approxi-
mately perpendicular to the magnetic field, the change of
resistivity is

% = (C; + C) c0s29) + Cocos(@g). (1)

The angle ¢ describes the relative orientation of the Néel
vector and the direction of the electrical current; C; is
the noncrystalline contribution. The crystalline contribu-
tions, C, and C,, correspond to the twofold and fourfold
symmetries in the (001) plane.

We analyze the AMR data by fitting the oscillations of
Ap/p as a function of ¢ to twofold and fourfold contri-
butions with the amplitude and phase of the twofold and

fourfold terms as free parameters. The fit of this model
to the data is shown as solid lines in Fig. 2. At all tem-
peratures, the amplitude of the twofold contributions is an
order of magnitude larger than the fourfold contribution.
The fourfold signal has a small shift in phase relative to
the twofold signal; see Table S2 within the Supplemental
Material [32].

We do not yet understand the origin of the small phase
shift between the twofold and fourfold contributions to
the AMR signal. There are two potential misalignment
angles in our experiment: misalignment between the cur-
rent direction and the angular position of the sample rota-
tor; and misalignment between the current direction and
the [100] direction of the crystal. We tentatively assign the
phase shift to a systematic error in the direction of the
current, i.e., the placement of the wire-bonded contacts,
relative to the [100] direction of the crystal.

The peak-to-peak amplitude of the twofold contribution
to the AMR signal Ap/p is plotted as a function of the
applied field in Fig. 3. The AMR signal approaches a con-
stant value at applied fields larger than a saturation field B;
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FIG. 3.

Magnetic field dependence of the anisotropic magnetoresistance of FeyAs at (a) 5 K, (b) 77 K, and (c) 200 K for the five

samples. The y axis is the peak-to-peak amplitude of the relative change in resistivity for the magnetic field parallel and perpendicular

to the current direction.
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that is of the order of 1 T. We attribute sample-to-sample
variations in B, to differences in defect microstructures and
stoichiometries between the five samples.

Our previous torque magnetometry measurements of
FeyAs [25] reveal an abrupt change in the sign of the
torque for applied fields B > 1 T rotating in the (010)
plane, i.e., rotating between the easy plane and the hard
axis. This abrupt change in torque implies that an applied
field of B > 1 T orients the Néel vector perpendicular to
the applied field. As the applied field moves towards and
is aligned to the ¢ axis, the populations of the two domains
become equal again.

Based on our previous work [25] and the lack of hystere-
sis in our AMR measurements, we thus conclude that the
domain structure of our Fe,As crystals is reversible. The
reversibility of AFM domains has been observed in other
AFM materials and the attempt to explain these observa-
tions has a long history [33]. Gomonay and coworkers
[34,35] proposed a theoretical description based on the
intrinsic mismatch of magnetoelastic effects at the bulk and
surface of the crystal. We speculate, however, in agreement
with Corliss et al. [30], that the reversibility of the domain
structure in our samples is caused by a combination of rel-
atively weak in-plane magnetocrystalline anisotropy [25]
and the magnetoelastic coupling between the orientation
of the Néel vector and random strains that are produced
by small variations in composition, the concentrations of
point defects, or the presence of dislocations.

The observation of a saturation field of B, ~ 1 T in the
AMR data (Fig. 3) is consistent with this interpretation of
the torque data [25]. In a zero field, we expect that the
Néel vector of different magnetic domains does not have a
preferred direction and therefore the effect of the Néel vec-
tor orientation on the resistivity averages to zero. As the
field strength increases, the sublattice magnetization aligns
perpendicular to the applied field to minimize the total
energy. When the field strength exceeds a saturation field
B, ~ 1 T, the Néel vector is approximately perpendicular
to the applied field.

In addition to the AMR response that is due to the effect
of B on the orientation of the Néel vector, we observe a
significant isotropic increase of approximately 1.5% in the
electrical resistivity at fields up to B =9 T; see Fig. Sl
within the Supplemental Material [36]. We do not empha-
size the high-field behavior here and can only speculate
that this large isotropic MR effect is due to the influence of
strong magnetic fields on defect states [37].

Figure 4 shows the temperature dependence of the
twofold contribution to AMR at a field of B =3 T, approx-
imately a factor of 2 larger than the typical saturation field.
The overall temperature dependence of the AMR signal is
similar for all five samples. The AMR ratio decreases with
increasing temperature until it vanishes near the Néel tem-
perature, as expected for an AMR signal associated with
magnetic order. In the low-temperature limit, at 7 = 5 K,
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FIG. 4. The AMR signal at B =3 T as a function of tempera-
ture for the five samples. The y axis is the peak-to-peak amplitude
of the relative change in resistivity as a function of the magnetic
field direction.

the peak-to-peak amplitude of the AMR signal reaches
1.3%. Thus, Fe, As displays AMR signals that are an order
of magnitude larger than bulk [20] CuMnAs (0.12%) and
epitaxial layers [19] of CuMnAs (0.15%).

The AMR signal decreases rapidly with increasing tem-
perature at 7 > 100 K. Previous neutron scattering data
of Fe, As show that the sublattice magnetization decreases
by only 15% between 50 and 200 K [38]. Hence, the
strong temperature dependence of the AMR signal cannot
be interpreted as due to the sublattice magnetization alone.

Compared with AMR observed in ferromagnets and
ferromagnetic alloys, AMR of Fe,As has a much
stronger temperature dependence [39]. Typically, for metal
alloys, the dominant scattering mechanism changes from
electron-defect scattering to electron-phonon scattering
with increasing temperature and the AMR at low tempera-
tures is larger than the AMR at high temperatures [26].

The strong temperature dependence of AMR in Fe,As
is apparently unique among previously studied easy-plane
metallic AFMs. (Strong temperature-dependent AMR
however is observed in semiconductor SrIrO4, where
large spin-orbit interactions enable band structure changes
at low temperature [40].) AMR data for bulk samples of
tetragonal metallic AFM CuMnAs do not show a signifi-
cant temperature dependence between 5 and 400 K [20].
AMR data for relatively thick epitaxial layers of CuMnAs
show only a modest decrease of less than a factor of 2
between 2 K and room temperature [19].

IV. CONCLUSION

Through measurement of anisotropic magnetoresis-
tance, we find that external fields less than 1 T are sufficient
to reversibly change the orientation of the Néel vector
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within the easy plane of the tetragonal metallic antiferro-
magnet Fe,As. In the low-temperature limit, the change
in resistivity produced by the rotation of the Néel vec-
tor is greater than 1%. The AMR signal is, however,
strongly temperature dependent and decreases abruptly
with increasing temperature at 7 > 100 K. This strong
temperature dependence has not been observed in AMR
of ferromagnets or the metallic antiferromagnet CuMnAs
[19,20] and suggests that the exceptionally large AMR
response in Fe, As at low temperatures has a different phys-
ical origin. Since the AMR signal falls rapidly at tempera-
tures above 1/3 of the Néel temperature, our data for Fe, As
suggest that large AMR in easy-plane AFMs for operation
at room temperature may require Néel temperatures that
exceed 900 K.
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