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A giant planar Hall effect with an amplitude of about 50 m£2 cm at a temperature of 7= 80 K in a magnetic
field of 10 T has been detected in an ultra-pure HgSe single crystal sample with an electron density of
5.5 x 105 cm™3. Its oscillating dependence on the rotation angle of the sample in various magnetic fields has
been determined. Attributes (oscillation period, positions of extrema, correlation between the amplitudes of
planar Hall and planar longitudinal magnetoresistance) indicate that the planar Hall effect in this nonmag-
netic gapless semimetal with an isotropic Fermi surface originates from the chiral anomaly. This is a solid
argument for the topological nature of the electronic spectrum of HgSe.
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INTRODUCTION

The planar Hall effect (PHE) was discovered as a
new galvanomagnetic phenomenon in 1954 in n- and
p-Ge crystals [1] and was explained by the anisotropy
of the magnetoresistance (MR), which is due to the
anisotropy of the Fermi surface and the relaxation
time. Experimentally, the PHE is discovered as the
emergent transverse potential difference in case of
applied magnetic and electrical fields lie in a single
plane. In addition, the angle between the magnetic
and electrical fields should differ from 0 (1) and &t/2
(3m/2), which is ensured by rotating the sample in the
magnetic field. This feature distinguishes the PHE
from a conventional Hall effect, which requires a non-
zero magnetic field component perpendicular to the
plane of the sample (and, correspondingly, to the elec-
trical current). Later, the PHE was observed in ferro-
magnetic systems such as Fe;GeTe, [2], CogyFe 0By
[3], Sr,Ru;0 [4], and La,/;;Ca, ;MnO; [5], epitaxial
(Ga, Mn)As structures [6], besides nonmagnetic
materials with the anisotropy of the orbital MR (also
known as the classical MR induced by the Lorentz
force). The commonly accepted origin of the PHE in
such systems is a change in the probability of the spin—
orbit scattering under the rotation of the in-plane
magnetization following the magnetic field with
respect to the electrical field [7]. Studies of the PHE in
ferromagnetic materials demonstrated that these
materials can be applied as the basics for a new type of
magnetic random access memory [8]. Furthermore,
the PHE in ferromagnetic materials can be used to
develop magnetic sensors for nanotesla detection with
a resolution better than 10 nT [9].

Interest in the PHE has increased significantly in
recent years after the discovery of topological Dirac
[10—12] and Weyl [13—17] semimetals. The authors of
theoretical works [18, 19] attributed the PHE in these
materials to the inherent chiral anomaly, i.e., noncon-
servation of the number of Weyl fermions with oppo-
site chirality in parallel electrical and magnetic fields
[20]. According to [20], the chiral anomaly is due to
the breaking of the fundamental chiral symmetry of
massless fermions. This was first discovered in the
experiment with an A-phase of superfluid 3He, which
contains Weyl fermions [21]. It follows that the PHE
can be used as a specific test for the chiral anomaly
and, thereby, Weyl nodes with opposite chirality in
isotropic nonmagnetic solids. It appeared that the
PHE is observed according to the theoretical predic-
tions [18, 19] either in Dirac semimetals ZrTes_ 5 [22],
PdTe, [23, 24], Cd;As, [25, 26], Val; [27], PtTe, [28]
or Weyl semimetals Na;Bi [29], CdPtBi [29, 30],

T,-MoTe, [31], WTe, [32], and TaAs [33]. At the same
time, the anisotropy of the orbital MR was considered
as the origin for the PHE in Dirac semimetals NiTe,
[34] and PtSe, [35].

In addition to the PHE, the chiral magnetic effect
also occurs in topological semimetals due to the chiral
anomaly [36—40]. This effect consists in the genera-
tion of the additional current induced by the chiral
imbalance, which in turn emerges in a magnetic field
parallel to an electrical field. This additional (chiral)
current is always aligned along the main current; i.e.,
the chiral magnetic effect is of a longitudinal type
unlike the transverse PHE. Experimentally, the chiral
magnetic effect manifests itself as a positive contribu-
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tion to conductivity, which is quadratic in the mag-
netic field. It is believed that the observation of the
chiral magnetic effect in topological semimetals is a
necessary condition for the observation of the chiral
anomaly-induced PHE.

Recently, we studied a positive longitudinal mag-
netoconductivity induced by the chiral magnetic effect
in mercury selenide samples with a low electron con-

centration n, of (0.55—17) x 10'® cm~3 [41]. We also
revealed some features of the longitudinal and trans-
verse MR [42], nontrivial Berry phase, and electronic
topological Lifshitz transition triggered by the shift in
the Fermi energy [43], and an unconventional trans-
verse quantum effect in the longitudinal magnetic
field [44] in HgSe. All these results imply that HgSe
contains not only the trivial gapless phase but also the
electronic topological phase of an inversion-breaking
Weyl semimetal. Consequently, the PHE is of funda-
mental importance for the verification of the topolog-
ical nature of HgSe. The aim of the present work was
to reveal the chiral anomaly-induced PHE in non-
magnetic mercury selenide with a nearly spherical
Fermi surface [45, 46].

EXPERIMENT

In this work, we investigated one of the HgSe sam-
ples, which was previously studied for the chiral mag-
netic effect [41]. Its uniqueness lies in its purity, since
it has the record low electron density n, = 5.5 X
105 ¢cm~3 and the record high electron mobility 3.4 X
10° cm?/(V s) for HgSe. The sample was prepared
more than four decades ago from a homogeneous part
of an ingot grown by the Bridgman method and was
annealed in Se vapor. The subsequent long-term pas-
sive annealing should obviously had lead to a signifi-
cant decrease in the number of interstitial mercury
atoms and vacancies in the anion sublattice (donor
defects in HgSe [46]), thus ensuring such a low elec-
tron density. The choice of a sample with a very low
Fermi energy is of primary importance for the accom-
plishment of the pronounced chirality, allowing HgSe
to approach an ideal Weyl semimetal. The main elec-
tronic and geometrical parameters of the sample hav-
ing rectangular parallelepiped shape are summarized
in [41]. We used a standard for HgSe procedure of the
sample surface etching and the preparation of ohmic
contacts, which is described in [42]. The crystal struc-
ture of HgSe was studied in [43]. The magnetotrans-
port properties were investigated at temperatures of
T = 80 and 150 K by the standard four-probe method
in a magnetic field up to 12 T using the equipment of
the Collaborative Access Center “Testing Center of
Nanotechnology and Advanced Materials” of the
M.N. Mikheev Institute of Metal Physics of Ural
Branch of Russian Academy of Sciences. The sample
was rotated in the angle range of 0 to 7 in a magnetic
field with two opposite directions, which is equivalent
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to the rotation of the sample in the angle range of 0 to
2m. Both transverse MR p,, and longitudinal MR p,,
were measured as a function of the rotation angle o.
They are determined by the transverse and longitudi-
nal voltages V,, and V,, each measured from two pairs
of contacts (1-3), (2—4) and (1-2), (3—4), respec-
tively (Fig. 1a). The experiment showed that the dif-
ference between V,, and V,, is insignificant for differ-
ent pairs of contacts. Therefore, p,, and p,, values pre-
sented below were obtained by averaging over two
pairs of contacts. Due to rotator design feature, it was
convenient to measure o from the direction perpen-
dicular to the electrical current, as shown in Fig. 1a.
According to the theory [18], the chiral anomaly-
induced planar Hall resistance p,, and the planar lon-
gitudinal MR p,, are given by the expressions

Pyy = AP ¢hiraSINOLCOSOL, (1)

P =PL— Apchiral Cosz o, (2)
where Ap.yiy = p1 — Py is the chiral anomaly-induced

anisotropy of the MR (the amplitude of the PHE), p,
and pj are the in-plane MR in the magnetic field B
perpendicular and parallel to the electrical current J,
respectively (Fig. 1a). The expression for Ap ., in
terms of the chirality-related parameters of the theory
is discussed below.

EXPERIMENTAL RESULTS
AND DISCUSSION

Before presenting experimental results, we would
like to point to two main factors distorting the depen-
dences p,,(a) and p,, (o). The first factor is the contri-

bution Spiy to p,, from the conventional Hall effect,
originating from perpendicular to the XY plane mag-
netic field component 8B, , which is caused by a mis-
alignment in the sample orientation. Since according
to Eq. (1) the conventional Hall effect is odd function
on a magnetic field, and the PHE is even function on

a magnetic field, the contribution Spiy can be

excluded using the standard averaging over the mag-
netic field direction:

X (+B1 (x) + X; (_B’ (X)
(py(Bogyy = PR Pt
An example of such averaging is presented in

Fig. 1b by a solid line for the raw data p, (ct) obtained
in magnetic fields of +10 and —10 T, which are

3)

depicted by circles. The extracted contribution Spiy is
demonstrated by the dashed line. The second factor is
the inevitable displacement of Hall contacts with
respect to each other during a sample preparation,
which is illustrated by dashed rectangles in Fig. la.
Due to a non-equipotentiality of the Hall contacts, the
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Fig. 1. (Color online) (a) XY plane geometry of the PHE study: B is the applied magnetic field, o is the angle of magnetic field
rotation, and J is the electrical current. Gray and dotted rectangle illustrates the actual and the desirable arrangement of Hall con-
tacts, respectively. (b) Angular dependences of the raw planar Hall resistance p,,, in fields of +10 and —10 T at 7= 80 K (circles),

the planar Hall resistance Pxy averaged over the direction of the magnetic field (solid line), and odd contribution Bpi‘y (dashed
line). (c) Planar Hall resistance p,, averaged over the magnetic field versus the angles o and t—a (circles), the planar Hall resis-

tance p,,, averaged over o (solid line), and even-angle contribution Sp!(x (dashed line). (d) Angular dependences of the raw planar
Hall resistance p,, in fields of +10 and —10 T at 7= 80 K (circles), the planar Hall resistance p,, averaged over the direction of

the magnetic field (solid line), and odd contribution Spi‘y (dashed line). (e) Planar Hall resistance p,., averaged over the magnetic
field versus the angles oo and T—a (circles), the planar Hall resistance p,, averaged over o (solid line), and related even-angle con-

tribution 8pl,, (dashed line).

longitudinal MR introduces the contribution Sp!m to
the measured transverse effect. According to Egs. (1)
and (2), p,, and p,, are the odd and even functions of

o, respectively. Therefore, the contribution Spl)‘cx can
be excluded by means of the averaging over an angle as
follows:

— <pxy(Ba (X»B B <pxy(Bs - a»B

Py (B, 00 5

C))

where (p,,(B,a))y and {p,(B,m—)), determined
using Eq. (3) and are demonstrated by circles in
Fig. 1c. The dashed line is the extracted even-angle

contribution 8p!._ (cr) and the solid line is the finalized
dependence p, (o) in the magnetic field of 10 T. The
processing of p, () data to exclude the contribution

8'piy originating from 6B, (Fig. 1d) is similar to that
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of py(a). In the final, the processing (Fig. le)

excludes the angle-odd contribution Sp!cy originating
from the PHE due to non-equipotentiality.

Thus processed data for p,, (o) and p,, (o) are pre-
sented by circles in Figs. 2a and 2b, respectively. The
solid lines represent the fitting of experimental data by
Eq. (1) and (2). It can be seen that p,(at) is an oscillat-
ing function with a period of ® having extrema at o =

E and %n, according to Eq. (1). The function p, (o)
also oscillates with the same period, whilst reaching a
maximum and a minimum at o = 0 and g, respec-
tively. Thus, the phase shift between p,,(a) and p,. (o)

is E In addition, the right axis in Fig. 2b presents the
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Fig. 2. (Color online) (a) Angular dependences of the planar Hall resistance Pxy(@) (circles) and its fitting by Eq. (1) (solid lines)
in various magnetic fields at 7’= 80 K. The inset shows the transverse voltage V,,, measurement sketch. (b) Angular dependence
of the planar longitudinal magnetoresistance p,,(ct) and the normalized MR (circles) and their fitting by Eq. (2) (solid lines) in
various magnetic fields at 7= 80 K. The inset shows the longitudinal voltage V, measurement sketch. (c) Magnetic field depen-
dence of the PHE amplitude Ap ;. (circles) at 7= 80 K plotted using the fitting data from the panel (a). Red and blue solid
lines represent fitting of the data with B'8 power law and a linear function, respectively. (d, ¢) Magnetic field dependence of the
magnetoresistance p,, in the magnetic field B || J (panel d) and B L J (panel e).

normalized magnetoresistance MR = Pxx(0% B) = Po at
Po

a fixed magnetic field B, given p, is a resistivity in zero
magnetic field.

To calculate the amplitude of the chiral anomaly-
induced PHE in the semiclassical theory [18], the fol-
lowing three characteristic lengths are introduced. The

first length is L, = %, where D is the diffusion coef-

ficient of the chiral charge andI' = ZL is the transport
ng

coefficient characterizing the chiral anomaly (e is the

electron charge and g is the density of states at the

Fermi level); L;l quantifies the strength of the chiral
anomaly induced coupling between the electrical and
chiral charge. The second length is the chiral charge

diffusion length L, = (D/t.)"?, where 1, is the relax-
ation time of the chiral charge (or the intervalley relax-
ation time [41]). The third is the length of the sample
L, in the direction of the electrical current. In a weak
magnetic field limit determined by the condition

gj < 1 along with the long sample limit L, > L.,

thea following holds according to [18]:

2
L
APehival ~ (L—j ~ B, (5)
since in this case

L 2 hevd (TR
—~=TB (—) ~—L (—) B. (6)
L, D €r \T
JETP LETTERS  Vol. 118 No.7 2023
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Fig. 3. (Color online) Parametric py,,(p,,) curves in vari-
ous magnetic fields at 7= 80 K.

Here, 7 is the reduced Planck constant, T is the trans-
port relaxation time, and vg and €p are the Fermi
velocity and Fermi energy, respectively. In a strong-

field limit determined by the condition L > 1, the

amplitude of the PHE should be saturated [18]. The
substitution of the electronic parameters of the HgSe

sample from [41] into Eq. (6) gives % =~ (0.35B. To

compare the experimental result with t‘fle theory [18],
the magnetic field dependence of fitting values Appiral
from Fig. 2a is plotted in Fig. 2c with circles. The solid
lines represent the fitting of the experimental data by
the power law Ap ;. ~ B'. It can be seen that in the

region B<4 T, where L = 1, the experimental data are

well described by the dependence Ap i ~ B'%, which
is close to the theoretically predicted one. The depen-
dence Apgyi(B) in the region 6 T < B < 12 T

(2 = % = 4} is close to linear. According to the

a

numerically calculated dependence of Ap ;. On %

[18], this magnetic field region is presumably transierft
from a weak to a strong magnetic field limit, which is
inaccessible in this experiment. In topological semi-
metals such as ZrTes_g5 [22], Cd;As, [26], PtTe, [28],

T,-MoTe, [31], and WTe, [32], the magnetic field
dependence Ap,;(B) in a low magnetic field also
obeys a similar power law with the exponent y = 1.8—
2.0 and does not saturate in an experimentally
achieved magnetic field. It should be noted that in all
of these works the PHE was attributed to the chiral
anomaly. Thus, the detected in ultra-pure HgSe PHE
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Fig. 4. (Color online) Angular dependence of the planar
Hall resistance Py (right axis) and planar longitudinal MR
Py (left axis) at 7= 150 K in the magnetic field of 10 T and

their fitting by Egs. (1) and (2), respectively (solid lines).

is generally is consistent with the theory [18]. The
presence of the chiral anomaly in HgSe is confirmed
independently by means of the simultaneous observa-
tion of a non-saturating negative longitudinal MR
(Fig. 2d) together with the PHE. It is remarkable that
in addition to this negative longitudinal MR observed
in the magnetic field parallel to the electrical current a
large positive non-saturating MR is observed in the
magnetic field perpendicular to the electrical current,
which increases by a factor of about 70 in the magnetic
field of 12 T (Fig. 2e). Note that the coexistence of the
negative MR at B | J and the large positive MR at
B 1 J seem to be a common feature in Weyl semime-
tals [47—51], to which HgSe suggestively belongs.

The data presented in Figs. 2a and 2b can be tied
together by plotting the parametric p,,(p,,) curves at a
fixed magnetic field B using the rotation angle o as a
parameter. A set of such parametric curves is shown in
Fig. 3. It can be seen that these parametric curves are
closed convex nested graphs stretched to the right
along the p,, axis. It is clear that this stretch along the

P, axis reflects the increase in p, with B (Fig. 2e).
Such arrangement of parametric curves is characteris-
tic of topological semimetals, in which the PHE orig-
inates from the chiral anomaly [29, 33]. The arrange-
ment of parametric graphs in a solid where the PHE is
due to the anisotropy of the orbital MR is different:
closed convex curves intersect with each other and
shifts noticeably to the right along the p,, axis with
increasing B [24, 34, 35, 52], which reflects the
absence of the negative MR py(B) in the system.

The magnitude of the PHE at 7= 80 K is of partic-
ular interest. The amplitude of the PHE in ultra-pure
HgSe reaches an extremely large value of about
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50 mQ cm in the magnetic field of 10 T (Fig. 2a),
which exceeds the amplitude of the PHE in other
topological semimetals [22—35, 52] by factors of 10—
1000 at close temperature and magnetic field. Conse-
quently, the PHE we detected in ultra-pure HgSe can
be labled as giant. According to Fig. 2b (right axis), the
maximum value of normalized MR in our sample is
approximately 7000%, whereas the normalized MR in
other topological materials is in the range of 25—500%
[22, 25, 27, 34, 35]. With an increase in the tempera-
ture from 80 to 150 K, the amplitude of the PHE at
B =10T decreases by a factor of 5.5 to about 9 m{2 cm
(Fig. 4) and the maximum value of normalized MR
decreases to approximately 1500%. The extremely
large magnitude of the PHE in HgSe allows for the
application of single HgSe crystals as magnetic sensors
susceptible to the in-plane magnetic field component.

CONCLUSIONS

In summary, the discovery of the theoretically predicted
PHE in ultra-pure single HgSe crystal combined with the
detection in our previous work of the chiral magnetic effect
is a solid argument to support the existence of the electronic
topological Weyl semimetal phase in this isotropic nonmag-
netic material.
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