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Local spin ice order induced planar Hall effect in Nd-Sn artificial honeycomb lattice
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Geometrically frustrated materials, such as spin ice or kagome lattice, are known to exhibit exotic
Hall effect phenomena due to spin chirality. We explore Hall effect mechanism in an artificial honey-
comb spin ice of Nd—Sn element using Hall probe and polarized neutron reflectivity measurements.
In an interesting observation, a strong enhancement in Hall signal at relatively higher temperature
of T' ~ 20 K is detected. The effect is attributed to the planar Hall effect due to magnetic moment
configuration in spin ice state in low field application. In the antiferromagnetic state of neodymium
at low temperature, applied field induced coupling between atomic Nd moments and conduction
electrons in underlying lattice causes distinct increment in Hall resistivity at very modest field of H
~ 0.015 T. The experimental findings suggest the development of a new research vista to study the
planar and the field induced Hall effects in artificial spin ice.

Hall effect probe is one of the quintessential methods
to derive information about electric charge carriers and
their polarity in solid state materials.[I} 2] In magnetic
materials with chiral spin arrangement, as found in geo-
metrically frustrated bulk spin ice compound or skyrmion
lattice,[3H7] an additional contribution to Hall resistivity
arises.[5] The additional term is solely dependent on the
intrinsic net spin chirality due to the sub-lattice magne-
tization, given by S; - (S; x Si) where S;, S; and Sy, are
local spins forming a chiral loop.[8] Electric charge car-
riers gain a net phase, called Berry phase, while travers-
ing the chiral loop, reflecting as an extra contribution
in the typical Hall resistance measurement.[9] [I0] More
recently, thermal anomalous Hall effect was also pro-
posed in two-dimensional quantum material.[TT] Aside
from the anomalous and thermal Hall effects, underly-
ing magnetism due to the spin chiral anomaly or mag-
netic order can induce the novel planar Hall effect where
the Hall voltage is coplanar to net magnetization.|[12], [13]
Typically, the planar Hall effect is prominent in two-
dimensional materials with ferromagnetic and topological
characteristics or, in bulk materials where these proper-
ties are primarily confined to the surface.[I4HI6] The pla-
nar Hall effect (PHE) is given by the following anisotropic
magnetoresistance: [12] [16]

E=(p—pr)m(j-m)+pu(m xj) (1)

where 3 and m are current density and unit magnetiza-
tion vector given by M/|M]|, p1 and p| are perpendicular
and parallel resistivities with respect to 5 and pg is the
normal Hall resistivity. The first and second terms in
the above expression denote the planar and normal Hall
effects, respectively.[I2] [I6] Thus, a non-zero contribu-
tion to the Hall resistivity can be obtained solely due
to the coupling between current density and magnetiza-
tion vector. Conversely, the planar Hall effect can be
used to detect magnetic anisotropy in two dimensional
materials.[17]

Artificial spin ice provides a niche platform to in-

vestigate the phenomenon of planar Hall effect at rela-
tively higher temperature.|[I8] Additionally, the disorder-
free environment in nanostructured geometry paves way
for the elucidation of intrinsic properties in the system.
In this report, we discuss Hall effect measurements on
neodymium based artificial honeycomb spin ice. We ob-
serve strong signature of planar Hall effect due to local
spin ice order at moderately high temperature of T ~
20 K. The honeycomb lattice is made of 3 nm thick
neodymium connecting elements with typical length and
width of 12 nm and 5 nm, respectively. Neodymium el-
ements are preceded by a metallic buffer layer of 3 nm
thick tin, in clean contact with Nd layer, in honeycomb
construction, see Fig. la. Although bulk Nd is anti-
ferromagnetic at low temperature T < Ty ~ 18 K, it
tends to be ferromagnetic for T > T in thin film or
amorphous composition.[I9H22] The honeycomb lattice,
made of thin film of Nd, is expected to follow similar
magnetization behavior. Above Ty, magnetic moment
aligns along the length of connecting element due to the
shape anisotropy.[23H25] Consequently, two types of lo-
cal moment arrangements emerge on honeycomb vertices:
‘two-in & one-out’ (or vice-versa) configuration, charac-
terized by two incoming and one outgoing magnetiza-
tions, or ’all-in or all-out’ state where all three moments
are either pointing in or pointing out on a given vertex.
At low temperature, the lattice is mostly populated by
‘two-in & one-out’ (or vice-versa) moment arrangement.
The energetic ‘all-in or all-out’ type defects may also be
present, but the density must be very small due to high
energy cost.[26] The ‘two-in & one-out’ state, identified
as the ice-rule, naturally manifests a local chirality in
moments arrangement.[27] The large moment size of in-
dividual element (of the order of 10® up) makes long
range dipolar magnetic interaction as the dominant term
in the Hamiltonian.[26] Therefore, the local chirality due
to the short-range spin ice order is preserved across the
honeycomb lattice at modest temperature. When cur-
rent is applied to honeycomb lattice, then the current



FIG. 1: (color online) Nd-Sn honeycomb lattice and illus-
tration of moment configuration due to spin ice state. (a)
Schematic design of Nd-Sn artificial honeycomb lattice con-
struction. Here, Nd layer (green) is grown on top of Sn (blue)
buffer layer. (b) Atomic force micrograph of Nd-Sn artificial
honeycomb lattice. (c) Schematic illustration of local moment
chirality due to short-range spin ice configuration. Magnetic
moment aligns along the length of connecting element due to
shape anisotropy in honeycomb lattice. Magnetic moments
interact via magnetic dipolar interaction. Current direction,
parallel to magnetic moment direction, gives rise to the planar
Hall effect. (d) Below T, Nd spins are free to align to applied
field direction. Thus, electric charge carriers in Nd-Sn film are
subjected to an additional perpendicular field, causing normal
Hall effect. Inset shows Hall measurement scheme.

density j is either parallel or antiparallel to magnetiza-
tion M along honeycomb element, see schematic Fig.
lc. Since, j is strictly along the length of the honey-
comb element, Eq. (1) yields a finite PHE of E = Ap.j
where Ap = p| - p1. Modest perpendicular magnetic
field application is not sufficient to exert enough torque
to alter local moment structure. However, magnetic field
application or thermal fluctuation, larger than the shape
anisotropy energy, can unsettle the moment along the
length of connecting element, thus forbids the develop-
ment of PHE. Similarly, at T' < T, Nd spins of opposite
polarity in the AFM state cancel net moment formation
along the honeycomb element. Hence, spins can align
to magnetic field application direction. Correspondingly,
electric charge carriers in Nd-Sn layers are subjected to a
net magnetic field perpendicular to the honeycomb film.
This scenario renders the possibility of normal Hall ef-
fect, given by pg.j, as envisaged in the second term of
Eq.(1). The process is schematically described in Fig.1d.

We create neodymium-based honeycomb lattice sam-
ples using diblock template method,[28] which results in
large throughput sample with ultra-small connecting el-
ements, ~12 nm in length, see Fig. 1b. Details about
the nanofabrication procedure can be found somewhere
else.[29] Hall probe measurements are performed on a
2x2 mm? sample using the standard contact configura-
tion, as prescribed by National Institute of Standards
and Technology,[30] see inset in Fig. 1. Electrical mea-
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FIG. 2: (color online) Elucidating magnetic moment arrange-
ment via polarized neutron reflectometry measurement on
Nd-Sn honeycomb. (a) PNR data at 7' = 25 K. The ver-
tical line at x = 0 represents specular scattering. As we can
see, spectral weight is mostly confined to specular reflection.
(b) Simulated reflectometry profile, using DWBA modeling,
for magnetic moment configuration shown in Fig. lc. Exper-
imental data is well explained by the simulated profile.

surements were performed in a cryogen-free 9 T magnet
with a base temperature of ~5 K, using a high-quality
resistivity bridge from Linear Research. A 1 sq. inch
size sample is used for the polarized neutron reflectom-
etry (PNR) measurements on Magnetism Reflectometer,
beam line BL-4A of the Spallation Neutron Source (SNS),
at Oak Ridge National Laboratory. PNR measurements
utilize the time of flight technique in a horizontal scatter-
ing geometry with a bandwidth of 5.6 A(Wavelength vary-
ing between 2.6-8.2 A). The beam was collimated using
a set of slits before the sample and measured with a 2D
position sensitive *He detector with 1.5 mm resolution at
2.5 m from the sample. The sample was mounted on the
copper cold finger of a close cycle refrigerator with a base
temperature of T' = 5 K. Beam polarization and polariza-
tion analysis was performed using reflective super-mirror
devices, achieving better than 98% polarization efficiency
over the full wavelength band. For reflectivity and off-
specular scattering the full vertical divergence was used
for maximum intensity and a 5% A60/60 ~ Agq./q. relative
resolution in horizontal direction.

Evidence to chiral loop arrangement of magnetic mo-
ments in neodymium honeycomb lattice is obtained via
the analysis of PNR measurements. PNR measurements
were performed in a small guide field of H = 0.002 T to
maintain the polarization of incident and scattered neu-
trons. In Fig. 2a, we plot the off-specular intensity mea-
sured using spin-up (4) and spin-down (-) neutron at T
= 25 K. Here y-axis represents the out-of-plane scattering
vector (q. = & (sina; + sinay)) and the difference be-
tween the z-components of the incident and the outgoing
wave vectors (p;—py = 2 (sina; —sin ay)) is drawn along
the x-axis. Thus, vertical and horizontal directions cor-
respond to the out-of-plane and in-plane correlations, re-
spectively (for detail information, see Lauter et al.). [31]
The specular reflectivity lies along the x = 0 line. Exper-
imental data is modeled using the distorted wave Born



FIG. 3: (color online) Plot of Hall resistance (Rgy) versus
temperature at characteristic magnetic fields. (a) Figure
shows the plot of Ryy vs. T(K). (b) R.y dependence on tem-
perature saturates at H = 1.75 T. Magnetic field application
of higher magnitude does not affect Hall effect. Rather, ex-
perimental data at H >1.75 T overlaps on top of each other.
(c) Hall effect tends to disappear above T ~ 32 K.

approximation (DWBA) formulation to understand the
nature of magnetic moment correlation. [32] 33] As shown
in Fig. 2b, the numerically simulated reflectometry pat-
tern for magnetic moment configuration, comprised of
‘two-in & one-out’ or vice-versa states (as shown in Fig.
1lc), is found to be in good agreement with the experi-
mental data. The PNR measurements and the associated
DWBA modeling illustrates the nature of local moment
chirality due to spin ice configuration in Nd-honeycomb
lattice, which is crucial to the depiction of planar Hall
effect. The nearly equal populations of 'two-in & one-
out’ and vice-versa spin ice configurations on honeycomb
vertices significantly weaken the net macroscopic magne-
tization in Nd lattice. However, the DWBA simulation
suggests that the two-out & one-in moment arrangement
seems to prevail, albeit weakly, as shown in Fig. lc.

We show the Hall resistance, R;,, as a function of
temperature at few characteristic magnetic fields in Fig.
3a. There are several noticeable features in experimental
data. First, the Hall resistance manifests strong enhance-

ment around T ~ 20 K. At very low field, H = 0.015 T,
R, increases by more than 100% with respect to the
zero field background as well as the normal resistance
R.. when temperature is reduced. For further decrease
in temperature, R;, quickly reduces to the background
value as antiferromagnetic Nd forbids moment formation
along the honeycomb element at low temperature. Sec-
ond, the Hall resistance increases and tends to diverge at
higher temperature, 7' > 23 K, in magnetic field appli-
cation of H > 0.25 T. R, divergence tends to saturate
at H > 1.75 T. Further increase in field application does
not seem to affect Hall resistance anymore. Third, R,
does not exhibit any field dependence above T ~ 32 K,
see Fig. 3c. The residual field-independent resistance
above T' ~ 32 K is most likely arising due to the impu-
rity scattering in the underlying Sn layer. Thus, the phe-
nomenon, above Neel temperature, is limited to a narrow
temperature range of 18 K< T <32 K. Interestingly, it is
the similar temperature range where Nd-honeycomb was
previously demonstrated to manifest the novel Wigner
crystal state of magnetic charges.|29)

The observed Hall effect around T' ~ 20 K does not per-
sist to high temperature or high magnetic field. There-
fore, it cannot be a conventional phenomenon. The
anomalous observation can be qualitatively explained by
the planar Hall effect due to the anisotropic magnetiza-
tion along honeycomb element, giving rise to the local
spin ice order. In principle, the lattice can host equal
number of both ‘2-in & 1l-out’ and ‘2-out & 1-in’ spin
ice states. However, such a state of minimum energy
is not feasible at finite temperature.[23] The consequent
imbalance in the number of local chirality will generate
a net Ap at a given current, as discussed previously. At
much higher temperature, thermal fluctuation is strong
enough to destabilize the static moment alignment along
the honeycomb element. Accordingly, the intrinsic mech-
anism behind PHE gradually weakens as temperature in-
creases. We do not observe any planar Hall effect at T
= 100 K.

Magnetic field dependence of the Hall resistivity is
somewhat complex, compared to temperature depen-
dence. At modest field application, the local moment
arrangement dictates the Hall effect. As shown in Fig.
4a-b, the plot of R,, vs. H at T' = 30 K consists of two
components: a sharp increment at low field, up to H ~
1.75 T, and a linear field dependence at high field. While
the linear term at higher field could be arising due to the
conventional Hall effect, the sharp increase in R, at low
field is attributed to the planar Hall effect due to the local
moment configuration in the spin ice state in Nd lattice.
A perpendicular field application, larger than H ~ 1.75
T, tends to overcome the shape anisotropy, necessary for
the moment formation along the honeycomb element. In
addition to the large field application, the effect also dis-
appears at high temperature of T' = 100 K where ther-
mal fluctuation is strong enough to destroy the local spin



FIG. 4: (color online) Field dependence of Hall resistance in
Nd-Sn honeycomb. (a—b) Magnetic field dependence of Ry
at characteristic temperature of T'= 30 K and T' = 100 K. As
we can see in Fig. (a) a large enhancement in R, is detected
in modest perpendicular field application at T" = 30 K, sug-
gesting planar Hall effect in the system. At higher field, R.y
exhibits a very weak linear behavior, which could be arising
due to conventional Hall effect. Unlike at T' = 30 K, almost
no magnetic field dependence in Hall resistance is detected
at T' = 100 K. Thus, the effect is limited to low temperature
and low field. (¢) Rzy vs. H at T' = 5 K. R, increases by
more than two orders of magnitude at H = 0.015 T. (d) Plot
of estimated Hall mobility, pm, as a function of field at T' =
30 K and 100 K. Hall mobility at 7' = 30 K exhibits strong
field dependence. pm saturates above H ~ 1.75 T. ug at T
= 100 K does not exhibit any field dependence. Additionally,
the Hall mobility at 7' = 100 K is barely distinguishable from
electronic background.

ice moment arrangement. As expected, the experimental
data at T = 100 K does not exhibit any field depen-
dence. An entirely different phenomenology develops at
low temperature. We observe large Hall resistance at T'
= 5 K at a very modest magnetic field of H = 0.015 T,
see Fig. 4c. In the AFM state at low temperature, Nd
lattice does not develop the local spin ice order due to the
lack of moment formation. Hence, the planar Hall effect
disappears. At the same time, however, a perpendicular
field tends to align atomic Nd moment to the field direc-
tion, see schematic Fig. 1d. Weakly interacting Nd spins
do not require large field application. Furthermore, the
absence of thermal fluctuation at low temperature facil-
itates the induced field effect at much smaller external
field. Consequently, the electric charge carriers in Nd-Sn
lattice become subjected to a much larger perpendicular
magnetic field due to Nd moments. The effect is reflected
by strong enhancement in R, at H ~ 0.015 T, see Fig.
4c. Unlike the diverging nature of Hall resistance at T' ~
25 K at H = 0.5 T or higher, only finite value is detected

at low temperature and in low field. It suggests that the
PHE generated by the spin ice moments (~ 103 pp) at
T ~ 20 K is much stronger than the normal Hall effect
due to the algebraically summed individual Nd moments
due to f-electrons, in the field-induced case at low tem-
perature.

We have also extracted the Hall mobility, pg, as
a function of magnetic field at different temperatures.
The Hall mobility is extracted using the formula of
p(H)=R,y.t/p.H where R, is the average Hall resis-

tance at a given field, W.BO] We show the
plot of uy vs H at two characteristic temperatures of T’
= 30 K and 100 K in Fig. 4d. Two important obser-
vations can be inferred from this plot: first, uy (T =
30 K) exhibits a distinct field dependence. We observe
that pg first increases significantly as magnetic field in-
creases and attends a maximum value of 150 cm?V 157!
at H ~ 1.5 T. For further increment in field application,
wm decreases and saturates at H ~ 1.75 T. We note that
the field application above H ~ 1.75 T breaks the shape
anisotropy barrier for moment formation, necessary for
PHE, along the honeycomb element. Second, pg (T =
100 K) is independent of field. Also, ugy (T = 100 K)
is very small, barely distinguishable from the electronic
background. This could be occurring due to the combi-
nation of thermal fluctuation and the enhanced phonon
scattering at higher temperature. Clearly, local magnetic
moment configuration in the spin ice state plays impor-
tant role in the Hall mobility, which is significant at T" ~
18-32 K and low field. These observations are consistent
with our argument of the planar Hall effect in Nd—Sn
honeycomb lattice, which occurs in a narrow tempera-
ture and magnetic field range.

In summary, we have performed Hall effect measure-
ments on recently realized artificial honeycomb lattice,
made of Nd-Sn connecting elements. The experimental
study has revealed planar Hall effect in artificial lattice
due to the local spin ice moment configuration in Nd hon-
eycomb. The PHE is observed in a narrow temperature
range, around 20 K, and at low magnetic field of H <
1.75 T. Notably, the effect occurs at relatively higher
temperature than the anomalous effect typically found
in pyrochlore compounds.[5] At much lower temperature
when Nd is in the antiferromagnetic state, modest field
application is found to be sufficient to align individual Nd
spin to field direction. As a result, strong Hall resistance
is detected at low temperature of 7' = 5 K. Since the lat-
ter effect does not involve anisotropic moment formation
along honeycomb element, we envisage this to be a typi-
cal experimental signature in Hall measurements on any
hybrid thin film with clean contact between metallic and
magnetic layers. Artificial spin ice of soft magnetic mate-
rial, such as a permalloy honeycomb lattice, is known to
manifest emergent chiral loop ordered state, also called
the spin solid state, at low temperature.[33] [34] Future



measurements on thermally tunable permalloy honey-
comb lattice are highly desirable to further understand
the role of artificial moment chirality on planar Hall ef-
fect. Artificial magnetic honeycomb lattice created using
soft magnetic material can also be utilized to explore the
topological Hall effect, as envisaged in nanostructured
magnetic lattice,[35] due to magnetic flux quantization
across the chiral loop.
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