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Unconventional anomalous Hall effect in a triangular lattice antiferromagnet
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We studied the electrical transport properties of a classical spin triangular lattice antiferromagnet Ag,CrO,.
In this material, a unique spin structure with a five-sublattice unit cell emerges below the Néel temperature
Tn, owing to frustration from strong further-neighbor interactions. The material also exhibits unique electrical
transport properties coupled with its magnetism, due to a highly conductive layer of Ag,. Here, we report
magnetoresistance and the Hall effect in Ag,CrO, flake devices below and above Ty up to a magnetic field
of 8 T. A large magnetoresistance and anomalous Hall effect were observed in the vicinity of 7y, indicating that
the fluctuation of the magnetic moments plays a key role. We propose possible scenarios in which the anomalous
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Hall effect is enhanced through thermal fluctuation.

DOLI: 10.1103/PhysRevB.110.024431

I. INTRODUCTION

The anomalous Hall effect (AHE) is the effect in which
the measured resistivity transverse to the applied current is
enhanced proportionally to the magnetization of the material.
First proposed by Karplus and Luttinger [1], and indepen-
dently proposed by Smit [2,3], it has been widely accepted
that the main mechanisms of AHE can be attributed to two
origins: the intrinsic and extrinsic scatterings [4]. The former
is based on an “anomalous velocity” of the conduction elec-
trons arising from the Berry curvature and originates from the
intrinsic band structure of the material, while the latter is an
asymmetric scattering at impurities within the material. The
interplay of these mechanisms gives rise to a unique scaling
relation of the anomalous Hall conductivity o,, against the
longitudinal conductivity oy,. Such a scaling law has been
successful in uncovering the detailed physics of AHE among
a plethora of magnetic materials [5].

In recent years, not only research on the above scaling
relation but also the search for materials which do not follow
the conventional mechanisms have been actively conducted
[6—12]. Such materials lead to a further detailed understanding
of AHE, and give us a hint to surpass the limit of oy, set
by conventional mechanisms. Such unconventional AHEs are
often observed in materials where some exotic spin structure
is strongly coupled to the conduction electrons. While theoret-
ical proposals are actively being made to elucidate the details
of these effects [13—18], continued electrical transport studies
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of exotic magnetic systems are important to provide further
insight to the phenomena [19,20].

In the present paper, we have focused on an atomically lay-
ered frustrated antiferromagnet Ag,CrO, [21]. This material
exhibits a unique magnetic ordering due to frustration from
strong further-neighbor interactions and geometrical frustra-
tion. Below the Néel temperature Ty ~ 24 K, Ag,CrO; has
a unique magnetic ordering with a five-sublattice magnetic
unit cell, where the S = 3/2 spins at the Cr** sites show a
strong Ising anisotropy. Although the details of this magnetic
state are still a topic of active debate, the most likely magnetic
structure is the partially disordered (PD) structure, where one
in five spin sites is known to remain as an effective free
spin even under its antiferromagnetic order [22,23]. In this
magnetic state, a minuscule but finite magnetization hysteresis
is observed at 0.5 T, and the magnetization shows a plateau of
~0.45/Cr>* under an applied magnetic field of 8 T which
may indicate the presence of some unsaturated moments at the
PD spin sites even under high magnetic fields [24].

Despite these unique properties, experiments on the
electronic properties of this material had been limited due to
the fact that the bulk material is inherently polycrystalline.
We have recently reported the successful fabrication of nearly
single-crystalline samples using the mechanical exfoliation
technique, which allows us to probe the electronic properties
of high-quality Ag,CrO, through nanofabrication [25]. Not
only does this method enable us to investigate the anisotropy
in the magnetotransport with respect to the crystallographic
axis, but also it enables us to access the magnetotransport
effects of highly conducting triangular antiferromagnets.
We have already reported unique effects found even at the
low magnetic field regime, such as the butterfly-shaped
magnetoresistance (MR) observed in the field range of <1 T

©2024 American Physical Society
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[26]. This is thought to be caused by the large fluctuations and
switching of the PD magnetic moments which is consistent
with the magnetization hysteresis, and suggests the large
interplay between the magnetic state and the conduction elec-
trons. Thus, it is interesting to consider whether further unique
phenomena could be observed in the high-field regime, where
the unsaturated magnetic moments are still present. In this
paper, we measured the MR and Hall effect in Ag,CrO, flake
devices up to 8 T in the temperature range from 5 to 44 K, in
order to obtain further information on the electrical transport
and magnetic properties. In addition to a large negative MR
near Ty, an AHE is induced only in the vicinity of Ty. These
results imply that fluctuations of the magnetic moments play
a key role in the generation of the observed AHE. Therefore,
we propose and discuss possible scenarios in which the fluc-
tuations of the magnetic moments may lead to such behavior,
such as the fluctuation-enhanced skew scattering mechanism
or spin scalar chirality formed by a noncoplanar spin
structure.

II. EXPERIMENTAL DETAILS

The bulk Ag,CrO, crystal was fabricated through a solid-
state reaction of Ag, Ag,0, and Cr,O3 powders, which were
encapsulated in gold cells and heated at 1200°C for 1 h
under 6 GPa. Although the bulk crystal is inherently poly-
crystalline, nearly single-crystalline flakes can be extracted
through the mechanical exfoliation technique using scotch
tape. The flakes were transferred onto 5 x 5 mm? Si/SiO,
substrates, and Ti/Au electrodes were deposited through elec-
tron beam and resistance heating depositions. In the present
work, we have measured three samples which we label sample
A (thickness 200 nm, length 4.5 um, width 2.6 um), B (thick-
ness 200 nm, length 3.7 wm, width 1.6 um), and C (thickness
60 nm, length 4.1 wm, width 1.8 wm). Otherwise stated, the
data shown in the following sections are the measurement of
sample A.

The devices were cooled using a variable temperature in-
sert with a superconducting magnet, and electrical transport
measurements were performed using the standard four-probe
method through a commercial lock-in amplifier SR830. As
mentioned in our previous report, all Ag,CrO, flakes are
deposited onto the substrate with the ¢ axis perpendicular
to the basal plane [25]. Therefore, the applied current di-
rections were along the a-b plane for all samples, and the
applied current densities were 1.9 x 103, 1.6 x 10°, and 4.6 x
103 A/cm? for samples A, B, and C, respectively. As men-
tioned in the Supplemental Material Sec. IV A [27], Joule
heating should not play a major role in our measurement setup
due to the low resistance of the flake devices.

III. RESULTS

First, we show the temperature dependence of the resistiv-
ity of a typical Ag,CrO, flake device in Fig. 1. As already
demonstrated in previous studies, a characteristic drop in the
resistivity is observed with the onset of the antiferromagnetic
order, which is caused by the large suppression of magnon
scattering. The difference from the previous reports is the
resistivity at low temperature: It is nearly two orders of
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FIG. 1. Electrical resistivity of a typical Ag,CrO, flake device.
The inset shows an optical microscope image of the device.

magnitude smaller than that of polycrystalline samples. This
improvement is due to the fact that the device is of nearly
single-crystalline quality. It should be noted that the resistivity
of 0.7 u2cm at T = 5 K is almost the lowest in mesoscopic
scale metals, comparable to or even lower than that of pure
Auor Ag.

Next, we performed MR and Hall measurements in the
temperature range of 5-44 K up to 8 T. In Fig. 2, the longitu-
dinal MR at notable temperatures is displayed. Here, the raw
data are shown to clearly display the butterfly-shaped MR. At
the lowest measured temperature (7' = 5.4 K), a large positive
MR of +80% was observed. A positive MR well below the
transition temperature often occurs in magnetic materials due
to the Lorentz force. It usually shows a parabolic field depen-
dence at low temperatures when the electron mean free path is
long enough to overcome the negative MR caused by the sup-
pression of spin scattering. Moreover, a positive parabolic MR
also occurs when an external magnetic field is applied along
the sublattice magnetization axis [36,37]. We believe that both
the Lorentz force contribution as well as the antiferromag-
netic structure contribute to the emergence of the positive
MR. Meanwhile, it is important to note that we observed a
nonparabolic field dependence in the low-temperature regime,
which cannot be explained by the above two origins. Further
investigations such as the in-plane magnetic field dependence
are required to elucidate this effect. As the temperature is in-
creased, the emergence of the negative MR is observed, which
does not saturate up to 8 T in the case of T = 24.6 K. Such
behaviors are observed in ferromagnetic materials, where the
fluctuations of the magnetic moments near its transition tem-
perature induce spin scattering, and are suppressed with the
application of the external field, leading to a decrease in the
magnetic scattering [38,39]. In this case, we believe the nega-
tive MR arises from the PD moments which are most likely to
be ferromagnetically coupled along the ¢ axis.

The negative MR takes a maximum absolute value of 65%
in the vicinity of Ty, suggesting that the fluctuations of the
magnetic moments are largest in this temperature range. It
is also striking that the maximum MR ratio difference of
roughly 140% is achieved between 5 and 24 K due to the
large positive and negative MR, which emphasizes that the
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FIG. 2. Magnetoresistance (MR) ratio (a) below and (b) above 7y at notable temperatures. The magnetic field is applied along the stacking

direction of the material.

magnetic structure has a significant effect on the electronic
properties in Ag,CrO,.

The Hall resistance of Ag,CrO, was taken simultaneously
with the MR. In Fig. 3(a), we show the Hall resistivity py
as a function of the perpendicular magnetic field at notable
temperatures. Since the raw data contain some longitudinal
component, the asymmetric component of the raw data is
taken as py and plotted in Fig. 3(a). No significant hysteresis
was observed in our Hall measurement throughout the entire
temperature range. The carrier type is an electron, which is
consistent with the previous studies where the Ag 5s band
provides the conduction carriers in Ag,MO, (M = magnetic
ion) materials [40-42]. Along with the ordinary Hall effect,
some nonlinear component was observed in the temperature
range close to 7Ty. First, the ordinary Hall component was
analyzed through a linear fit above 6 T, where the magnetiza-
tion of the bulk material roughly plateaus. Assuming a single
carrier model, the electron carrier concentration was estimated
as 0.9-1.5 x 10?> cm ™3, which is in the same order of mag-

nitude as the carrier concentration of Ag (5-6 x 10%2 cm™).
Making use of the effective electron mass obtained from the
zero-field longitudinal resistivity, the temperature dependence
of the electron mobility can also be obtained, as shown in
Fig. 3(b). Similar to the large drop in the resistivity at Ty,
an enhancement in the mobility by a factor of roughly 4
is observed between 7 = 23.1 and 25.7 K. This is further
supportive evidence of large fluctuations of magnetic mo-
ments which are suppressed below 7Ty, leading to a notable
increase in the mobility. The maximum value of the mobil-
ity in Ag,CrO, exceeds 1080 cm?/V s, which is comparable
to crystalline silicon at room temperature of roughly 1400
cm? /V s [43].

Now we analyze the anomalous Hall component defined
as papE, by subtracting the ordinary Hall effect from py,
which is shown in Fig. 4(a) for notable temperatures. While
the anomalous Hall contributions from the magnetization hys-
teresis around 0.5 T were minuscule (Supplemental Material
Sec. IV B [27]), a saturation of the anomalous component
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FIG. 3. (a) Hall resistivity py at notable temperatures. (b) Electron mobility obtained from the linear fit at high fields.
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FIG. 4. (a) Anomalous component of the Hall resistivity papg at notable temperatures, with the definition of p3:.

dependence of p33k.

was observed for fields above 5 T. Figure 4(b) shows the
temperature dependence of p3, which has a sharp peak
in the vicinity of 7y. This is clearly different from the be-
havior of the bulk magnetization, which shows a small but
finite hysteresis loop below 7' = 20 K. This behavior is also
unlikely to be a multicarrier effect because it is notable
only at the vicinity of Ty. Since the longitudinal resistivity
changes drastically within this temperature range as shown
in Fig. 1, we show the temperature dependence of the AHE
angle tan Oapg = pX‘It{E /pxx in Fig. 5(a). The striking result
is the fact that tan Ooyr takes a maximum value of 2%—4%,
depending on the sample quality. As the difference in sample
quality leads to changes in the longitudinal resistivity, we have
plotted the scaling relation between oayg and oy, from 40
to 20 K where the Hall angle shows the unique temperature
dependence. This is shown in Fig. 5(b). The nonlinear AHE
behavior was consistent throughout all the measured samples
(Supplemental Material Sec. IV C [27]), and oagg shows a
clear o,, dependence throughout all the measured samples.
The scaling relation follows roughly o ~ 1.75 for oapg o 0,
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(b) Temperature

and such o, dependence of oayg is observed even in regimes
where the intrinsic mechanism should dominate.

IV. DISCUSSION

We now discuss the possible origin of the unconventional
Hall effect. For this purpose, we performed first-principles
calculations for Ag,CrO,, in order to gain information on the
electronic structure and hybridization of Ag and Cr orbitals
(Supplemental Material Sec. I [27]). The calculated band
dispersion [Figs. S1(a)-S1(d)] shows that the dispersive Ag-s
band crosses the Fermi energy, which likely dominates the
electrical transport, as is consistent with previous results.
We also calculated the density of states (DOS) for the
low-temperature structure with the PD magnetic state. As
shown in Figs. S1(e) and S1(f), whether the Cr-d partial
DOS remains near the Fermi energy strongly depend on the
Hubbard-U correction, which is 0 and 3 eV for Figs. S1(e)
and S1(f), respectively. In general, it is difficult to evaluate
an appropriate U value for the band-structure calculation.
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FIG. 5. (a) Temperature dependence of the AHE angle tan 65ug. (b) Scaling relation between the longitudinal resistivity oy, and oagg in
the temperature range from 40 to 20 K. The guide to the eye (dotted line) indicates the conventional scaling relation seen in magnetic materials.
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We believe that the real electronic structure lies somewhere
in between the two calculations. This is also consistent with
previous experimental reports; the Sommerfeld constant
for the polycrystalline bulk was given as 9.74 mJ/mol K?
[21], implying a heavy effective electron mass, while the
magnetic moment of the ordered Cr sites showed an almost
full saturation of 2.9(1)up [44], indicating an almost full
saturation for § =3/2. These two experimental results
suggest that there is a finite DOS of the Cr-d bands at the
Fermi energy, meanwhile the DOS may also be relatively
small due to the almost fully occupied t23g state.

Given these band-calculation analyses, we return to the
temperature dependence of the AHE angle. As the AHE is
maximized at the magnetic transition, it is likely that the
effect originates from the fluctuations of the PD moments
near Ty. As far as we know, there are two main mechanisms
where the thermal fluctuations of the magnetic moments can
give rise to an enhancement of the AHE. One is the skew
scattering enhancement due to thermal fluctuations presented
by Kondo [45], and the other is the scalar spin chirality
model [14—18]. Both of these effects can arise from extrin-
sic mechanisms, which is consistent with our scaling plot
which showed a strong o,, dependence of the AH conduc-
tivity. In the following, we will discuss the feasibility of each
mechanism.

As for the Kondo mechanism, the AHE originates from
the s-d interaction in a magnetic material. With consideration
of the higher-order terms in the Born approximation, Kondo
showed that the skew scattering of a magnetic material can be
enhanced near the magnetic transition temperature. This effect
is observed in clean ferromagnetic materials such as Fe or Ni,
and has been successful in addressing their AHE temperature
dependence. In our case, such a scenario could occur if hy-
bridization between the Ag-s band and the Cr-d band exists,
which could then explain the temperature dependence of the
AHE angle in our data. However, the Kondo mechanism is not
enough to explain the magnitude of the AHE angle observed
in our experiment. This is due to the small partial DOS of
the Cr-d band at the Fermi level stated earlier, from which a
relatively weak s-d interaction is expected. Considering the
fact that a maximum AHE angle of only 0.1% is observed
even for clean ferromagnets such as Fe [12,46], an AHE angle
of a few percent would not be due to the skew scattering mech-
anism presented by Kondo, especially when the hybridization
of Ag-Cr bands may be weak.

Meanwhile, several kagome lattice materials have been
reported to possess unconventionally large AHE angles of few
tens of percent, owing to the scalar spin chirality obtained
by the noncoplanar magnetic structure [12,19]. In the spin
scalar chirality mechanism, a noncoplanar spin structure can
lead to a finite Berry curvature, resulting in an AHE which
is not simply proportional to the magnetization. It has also
been shown theoretically that the skew scattering due to the
noncoplanar structure can be greatly enhanced with the aid of
thermal fluctuations of the magnetic moments [47]. Therefore,

the temperature dependence of the AHE and the magnitude
of the AHE angle could also be explained if there exists
some noncoplanar structure in our system. It should also be
noted that the AHE observed in Ag,CrO, possesses a unique
magnetic field dependence, in which a saturation of the AHE
is observed before the saturation of the MR. This could also be
explained if the AHE originates from a noncoplanar structure
(Supplemental Material Sec. III [27]). However, the problem
in this scenario lies in the determination of the magnetic struc-
ture which possesses such scalar spin chirality. For example,
a finite scalar spin chirality cannot be obtained by calcula-
tions from the two-dimensional Ising spin model proposed by
Takagi et al. [48], as detailed in Supplemental Material Sec. 11
[27]. It is important to note that there were some discrepancies
between the simulation results and the actual data, such as
the external field dependence of the magnetization, leading
us to believe that the two-dimensional PD model may not
be a suitable effective model to elucidate the origin of our
results. In order to fully explain the observed phenomena,
further refinements of the PD model may be required, such as
the inclusion of canting of the ordered moments or expansion
of the model to three dimensions, or consideration of other
mechanisms rather than the two presented in the current paper
may be required.

V. CONCLUSIONS

In conclusion, we have measured the magnetoresistance
and Hall effect of the triangular lattice antiferromagnet
Ag,Cr0O,. In the magnetoresistance measurement, a large pos-
itive magnetoresistance was observed, possibly related to the
antiferromagnetic structure. Near the Néel temperature Ty ~
24 K, a substantially large negative magnetoresistance was
observed, which does not saturate up to high magnetic fields.
This indicates large fluctuations of the magnetic moments at
this temperature. In the same temperature range, a nonlinear
component in the Hall effect was observed. The obtained Hall
angle tan O yp reaches 4%, and its scaling relation with re-
spect to the longitudinal conductivity indicates that this effect
arises from extrinsic scattering mechanisms. It is strongly in-
dicated that the fluctuating moment near 7y plays a key role in
the unique AHE, although further research on the PD structure
is required to fully elucidate the origin. The result is one of the
few experimental reports on the electrical transport of metal-
lic triangular lattice magnetic systems, and demonstrates the
unique magnetotransport properties arising from conduction
electrons which are coupled to exotic magnetic structures.
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