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The identification of distinct charge transport features, deriving from nontrivial bulk band and surface
states, has been a challenging subject in the field of topological systems. In topological Dirac and Weyl
semimetals, nontrivial conical bands with Fermi-arc surface states give rise to negative longitudinal
magnetoresistance due to chiral anomaly effect and unusual thickness dependent quantum oscillation from
Weyl-orbit effect, which were demonstrated recently in experiments. In this work, we report the
experimental observations of large nonlinear and nonreciprocal transport effects for both longitudinal
and transverse channels in an untwinned Weyl metal of SrRuOj; thin film grown on a SrTiO5 substrate.
From rigorous measurements with bias current applied along various directions with respect to the
crystalline principal axes, the magnitude of nonlinear Hall signals from the transverse channel exhibits a
simple sina dependence at low temperatures, where a is the angle between bias current direction and
orthorhombic [001],, reaching a maximum when current is along orthorhombic [110],. On the contrary, the
magnitude of nonlinear and nonreciprocal signals in the longitudinal channel attains a maximum for bias
current along [001],, and it vanishes for bias current along [110],. The observed a-dependent nonlinear and
nonreciprocal signals in longitudinal and transverse channels reveal a magnetic Weyl phase with an
effective Berry curvature dipole along [110], from surface states, accompanied by 1D chiral edge modes

along [001],.
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I. INTRODUCTION

Since the first experimental demonstration of a quantized
conductance from counterpropagating edge spin channels in
a HgTe quantum well system [1], topological materials have
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become one of the main research focuses in condensed matter
physics and materials science. The two-dimensional (2D)
quantum spin Hall phase originates from inverted bulk
bands that cross near the system’s boundary, revealing
one-dimensional helical edge states and thus the observed
conductance quantization, which is also known as the 2D
topological insulator (TT) phase and also recently reported in
several other 2D systems [2—4]. Extending to 3D TI, the
existence of a nontrivial bulk band topology with an intrinsic
topological invariant gives rise to unusual gapless Dirac
surface states, which was confirmed in experiments using
surface sensitive angle-resolved photoemission spectroscopy
and scanning tunneling microscopy [5—7]. More recently, a
remarkable advancement was made by the observation of the
quantized anomalous Hall conductance at zero magnetic
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field in a magnetic TI [8—10], and it is a unique transport
signature due to the topological nature of the system, which
was theoretically predicted long ago [11].

In topological Dirac and Weyl semimetals (WSMs),
nontrivial crossings appear in the bulk bands near the
Fermi surface [12,13], and charge transport is overwhelmed
by the unusual chiral charge excitations near nodal points
with Berry phase 7z, showing superior electron mobility due
to the suppressed backscattering by the spin-momentum
lock effect [14,15] and negative longitudinal magneto-
resistance (MR) for aligned electric field and external
magnetic field due to the chiral anomaly effect [16,17].
In addition, unique Fermi-arc surface states [12,17] appear
on a surface of a WSM, connecting the projected Weyl-
node pair, where a number of intriguing novel charge
transport features have been predicted theoretically
[17-19]. For a ferromagnetic WSM, there can be a
minimum number of one Weyl-node pair with opposite
chiral charges near the Fermi surface, accompanied by 1D
chiral zero edge modes perpendicular to the connecting
momentum of the Weyl-node pair. In this work, we report
the experimental observations of nonlinear Hall signals
[20-22] for T <10 K in the untwinned thin film of
ferromagnetic Weyl metal SrRuO; (SRO) grown on a
miscut SrTiO; (STO) substrate. Rigorous bias current
dependent measurements of the nonlinear Hall signals
correspond to an effective Berry curvature dipole (BCD)

D from surface states along the orthorhombic [110],, where
the subscript o refers to orthorhombic phase. Surprisingly, a
nonlinear and nonreciprocal transport effect (NRTE) in the
longitudinal channel was also observed. It attains a maxi-

mum when the bias current is aligned perpendicular to D,
but it becomes vanishingly small when bias current is

parallel to 5, which can be attributed to the 1D chiral edge
modes, as demonstrated previously in the quantum anoma-
lous Hall system [23]. Those results support the intriguing
magnetic WSM phase in a SRO/STO system with an

effective surface D along [110], accompanied by 1D chiral
edge modes along [001], that circle around the surface of a
SRO thin film.

II. EXPERIMENTAL SETUP

SRO is known as a ferromagnetic and metallic oxide,
showing an orthorhombic crystal structure with Pbnm
space group symmetry at room temperature [24,25]. In
the past, the observed nonmonotonic magnetization (M)
dependent anomalous Hall conductivity [26,27], unusual
temperature dependent magnon gap [28], and softening of
the magnon mode at low temperatures [29] all pointed to
the existence of the Weyl nodes near the Fermi surface,
supporting the Weyl metal phase in a SRO system.
Recently, the advancement in the growth of exceptional
quality SRO thin films with ultralow ruthenium vacancy
level was made possible using an oxide molecular beam

system [25,30,31]. The low residual resistivity at 7 = 2 K
of only about 10 pQcm for a SRO film with thickness of
about 10 nm [32], which may largely suppress the smearing
of the Weyl nodes due to the rare region effects [33], makes
it possible to explore various charge transport features
associated with the Fermi-arc surface states and Weyl metal
phase of SRO in thin film form [34,35].

III. RESULTS

Figure 1(a) shows an optical image of a sunbeam device
patterned on an untwinned SRO thin film with a thickness ¢ of
about 13.7 nm. By using a STO (001) substrate with a miscut
angle of about 0.1 deg along one of the principal cubic axes,
the volume fraction of the dominant domain was determined
by high resolution x-ray scattering via the (02 + 1), reflec-
tions to be about 95% [25] (see Supplemental Material Note 1
[36]), where the orthorhombic crystalline directions are
shown in Fig. 1(a). The right-hand panel of Fig. 1(a)
illustrates one of the Hall bars in the sunbeam device, and
a defines the angle between the bias current direction and
[001],. pr. and py correspond to the longitudinal and trans-
verse resistivity, respectively. With a compressive strain of
about —0.4%, the Curie temperature 7. for SRO thin film is
about 150 K, the magnetic easy axis is close to the film
surface normal of [110], [24,25]. From rigorous angle
dependent coercive field measurements on SRO thin film
with # = 13.7 nm at low temperature (see Supplemental
Material Note 2) [36], we identified the magnetic easy axis to
be about 20° away from the [110], and tilting toward [110],,.
Figure 1(b) shows the a-dependent p; and pr values at three
different applied field values of 0, —1, and +1 T along [110],
atT = 2 K. The solid (open) symbolsin Fig. 1(b) correspond
to the data extracted from field sweeping of +5 to —5 T (=5
to +5 T). The p; appears to be at a maximum value of about
10.4 pQcm for @ = 90° and drops to a minimum value of
about 8.1 pQcm for a = 0° and 180°, exhibiting a clear
cos(2a) dependence. On the other hand, the pr shows a sin
(2a) dependence instead with a maximum magnitude of
about 0.9 pQcm at a = 45° and 135°. The simulated curves
using aresistivity anisotropy model of p; and pr are shown as
red curves in Fig. 1(b) (see Supplemental Material Note 3
[36]). We note that the amplitude of the anisotropy is
significantly larger than the small changes in p; and pt
when reversing the magnetization by changing the field from
+1to—1 T, inferring that the observed resistivity anisotropy
in our SRO thin films is not dictated by the magnetic domain
wall resistance and other magnetization-related effects. The
upper, middle, and lower panels of Fig. 1(c) show the
temperature dependence of py, pr, and p/py, ratio, respec-
tively, for different a values ranging from 0° to 180°. The
residual resistivity ratio of py (300 K)/pp (5 K) varies
weakly and equals about 24.0 and 21.4 for @ = 0° and
90°, respectively. Those results support the nearly single
structure domain and thus untwinned nature in our SRO thin
films, and also the exact dimensions of each Hall bar at
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FIG. 1.

The resistivity anisotropy in an untwinned SRO thin film. (a) An optical image of a patterned sunbeam SRO device with a film

thickness of # ~ 13.7 nm. The white scale bar is 500 pm. Green arrows indicate the SRO orthorhombic crystalline directions. The right-
hand panel illustrates a Hall bar device with the definitions for the measured longitudinal and transverse resistivity as p; and pr,
respectively. a angle is defined as the angle between the bias current direction (red arrow) and [001],.. (b) The a-dependent p; and pr for
three different field values of 0, —1, and +1 T. The experimental data agree well with the simulated curves (red curves) based on a
resistivity anisotropy model. The upper, middle, and lower panels of (c) show the T-dependent p; , pr, and the py/py ratio, respectively,
for different Hall bar devices with a values ranging from 0° to 180°. See the text for more detailed descriptions.

different a values are very close to each other, which justifies
the feasibility for the investigation of anisotropy effects in our
SRO thin films. As the T decreases, we note that the magnitude
of pr/py, ratio for a = 45° slightly decreases near the T, and
then increases again below 100 K, attaining a sizable ratio of
pr/pL~ —0.085 at T = 2 K without saturation.

Now, we turn to the discussions about the anomalous
Hall effect (AHE) and the magnetization data in our SRO
thin films. Figure 2(a) shows the field dependent Hall
resistivity py, at different temperatures ranging from 2 to
180 K, where weak field hysteresis loops in p,y-uoH curves
with a small coercive field of less than 0.2 T were observed
below T as expected. The magnitude of converted Hall
conductivity |oy,| at zero field is plotted in Fig. 2(b) as a
function of the corresponding conductivity o, in loga-
rithmic scales for SRO thin films with different thicknesses,
with ¢ ranging from 3.9 to 37.1 nm. Remarkably, o]
appears to approach a constant and #-independent value of

about 2.0 x 10* Q™' m~" at low temperatures, which falls
in the same order as the intrinsic anomalous Hall conduc-
tivity due to the Berry curvatures of the bulk band, i.e.,
e?/hcy ~5.0x 10 Q'm™" (¢, being the orthorhombic
lattice constant of about 7.81 A) shown as the red dashed
line in Fig. 2(b). We note insignificant changes in the |6,y |
with o,, down to 7 = 1.4 K, and this thus suggests a
negligible contribution from the extrinsic skew scattering
effect to AHE, where a linear relation of |o,y| «x 6y is
expected instead [37]. On the other hand, rigorous mag-
netization measurements were performed on a thicker SRO
film with 7=~ 37.1 nm using a superconducting quantum
interference device (SQUID) magnetometer. By subtracting
the diamagnetic background at 200 K, the resulting mag-
netization M’-H curves at different temperatures are shown
in Fig. 2(c), where, for yoH > 2 T, the diamagnetic response
seems to increase as the temperature drops. As shown in
Fig. 2(d), the averaged slope of dM /dH for the field regime
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Intrinsic AHE and enhanced diamagnetism in SRO thin films. (a) The hysteresis loops of Hall resistivity py, at different

temperatures ranging from 2 to 180 K for a SRO thin film with ¢ ~ 13.7 nm. (b) The magnitude of the Hall conductivity at zero field |6y |
is plotted as a function of the corresponding zero-field conductivity o, for SRO thin films with different thicknesses ranging from 3.9 to
37.1 nm. |0xy\ at low temperatures approach a constant value of about 2.0 x 10* Q! m~!, which is relatively close to the intrinsic
anomalous Hall conductivity of e?/hcy =~ 5.0 x 10* Q= m™". (c) The field dependence of background subtracted magnetization M’ for
a thicker SRO film with 7 ~ 37.1 nm, exhibiting an increased diamagnetic response for H > 2 T as T drops. (d) The T dependence of
averaged slope of dM /dH (red circles) in high field regime from 2 to 7 T shows a progressive decrease with decreasing 7', indicating an
enhanced diamagnetic response in SRO film at low 7, which is in big contrast to the nearly T-independent slope of dM/dH (black

square) for a bare STO substrate.

from pgH > 2to 7 Tis negative with increasing magnitude as
the temperature decreases to 2 K, which is in big contrast to
the nearly 7-independent slope from the controlled mea-
surements on a bare STO substrate [square symbols in
Fig. 2(d)]. The observed intrinsic |oyy|~ e?/hc, [26,27]
and the enhanced diamagnetic response [38,39] at low
temperatures strongly support the presence of the Weyl
nodes near the Fermi surface and thus the Weyl metal phase
in SRO. We also remark that the zero-field Hall signals at low
temperatures in SRO are dominated by the intrinsic AHE,
which would be important for the subsequent discussions
about the observed nonlinear Hall signals in SRO.

As illustrated in the right-hand panel Fig. 1(a), the
second harmonic longitudinal (R?”) and transverse (R3)

resistance were measured with a bias current of 0.7 mA at a
frequency of about 18.4 Hz. The resulting complex second
harmonic signal can be expressed as I?i‘E’T) = Ri‘E’T)X +
iRi(E’T) Y, which is probed by a lock-in amplifier. The upper
and lower panels of Fig. 3(a) show the field dependent R7Y
and R3*Y, respectively, for @ =90° Hall bar device at
different temperatures ranging from 1.4 to 10 K. For clarity,
the curves of R?Y-uoH and R3Y-uyH at different temper-
atures are systematically shifted upward by multiples of 100
and 50 pQ, respectively. For T > 10 K, both R?*Y and R3Y
show no hysteresis loops in the weak field regime, which is in
big contrast to the sizable p,,-uoH loops shown in Fig. 2(a) at
similar temperatures. Below 6 K, a sizable hysteresis loop

011022-4



NONLINEAR AND NONRECIPROCAL TRANSPORT EFFECTS IN ...

PHYS. REV. X 14, 011022 (2024)

(@) a=90° (b) @=180° (c)
s oy . . —— 3 30 Fr— . . . 210
100 <. H
1500 I e 1100 pQ | 0 LR LB 180
— - 4 . 80 " 14K e 2K 1180 S
% — ] % 60 | 4 3K v 4K 4120 =
= 1000 = - E I 5K < 6K . N
N < 90 » 8K e 10K 190 2,
S o T i
L3 ﬁy—l—“ & oaf] o > 3 oo S
500 = 1 FE z _r_'_' 50 5 3 = 2 3§30
p . b
- — 14Kk —2Kk | } 2 - 180 [2_& 4 $ 8 e,
3K ——4K ARLY T
ob—1 5K —6K TR E - 210 -30
400 —————8K__——10K — — 0 . . 100
] || <
. l .
300 - 30 -fE f» i 9: L | f 80
— [ ] [ ] [ ] —
—~ e C} I i G
S 200 [50 o 1 Llsope 1 E wof 60 2
| ]
> i s oo 2
‘\E'E 100 S & -90 | *a o % &
—~——— < _/j__ . = < ’//:: 2 : .\\l 120 <
| e T IR EREE RN
L (OAVE L J ['3
l |ART - l l * 1 | ¢ 0
-100 L L L L L L L 150
-2 -1 0 1 2 -2 -1 0 1 2 0 45 90 135 180
HoH (T) HoH (T) a (deg)

FIG. 3.

The angular dependent nonlinear and nonreciprocal signals in SRO sunbeam device with ¢ = 13.7 nm. The upper and lower

panels of (a) show the Rf“’ and R%‘“, respectively, at eight different temperatures ranging from 1.4 to 10 K for @ = 90° Hall bar device.
For T > 2 K, the curves of Ri”’—yOH and R%”’—/,tOH are systematically shifted upward by multiples of 100 and 50 p, respectively, for
clarity. Similarly, (b) shows the results for @ = 180° Hall bar device, sharing the same color codes and also axis labels. The AR%“’ and
AR?® at zero magnetic field are defined in the lower and upper panel of (a) and (b), respectively. A summary of the a-dependent AR’
and AR%‘” (AR? and AR%‘”) are shown in the upper (lower) panel of (c). The resulting AR%‘“ data fall relatively close to a simple sin

curve shown as the red dashed line.

starts to appear in R3”Y as shown in the lower panel of
Fig. 3(a), but R?*Y remains nearly field independent without
showing a hysteresis loop. The definition of AR3”Y is
illustrated in the lower panel of Fig. 3(a), and it corresponds
to the change of the R3”Y signal at zero magnetic field when
reversing the magnetization of the SRO thin film. For
a = 90° Hall bar device with bias current / along [110],,
the AR3”Y gradually increases in magnitude as 7 drops,
giving a AR%‘”Y ~44 nQ at T = 1.4 K. Remarkably, for
a = 180° Hall bar device with a bias current I along [001], as
demonstrated in Fig. 3(b), the hysteresis loops appear in the
longitudinal channel of R?”Y at low temperatures instead,
giving a value of AR?”Y ~ 100 pQ at 7 = 1.4 K, and no
hysteresis loops were observed in the transverse chan-
nel (R3*Y).

Figure 3(c) summarizes the results from nine different @
value Hall bars from the sunbeam device shown in Fig. 1(a)
(see Supplemental Material Note 4 for detailed descriptions
on measurement geometry and polarity [36]). The upper
panel of Fig. 3(c) shows the first harmonic signals (AR{’X)
and second harmonic signals (AR%‘“Y) in the longitudinal
channel as a function of a with different temperatures.
AR??Y exhibits a maximum value of about 100 pQ at
a = 0°and 180°, and it gradually decreases in magnitude to

zero as «a approaches 90°. In contrast, the first harmonic
signals of AR{’X are nearly zero for all @ and T values as
expected. On the other hand, the lower panel of Fig. 3(c)
puts together the a-dependent first harmonic signals
(ART?X) and second harmonic signals (AR%“’Y ) in the
transverse channel at different temperatures. Unlike the
longitudinal channel, the AR3*Y data show a relatively
good agreement to the sin @ dependence [red dashed line in
the lower panel of Fig. 3(c)], giving a value of AR¥?Y ~
44 pQ at @ = 90° and vanishing values for a = 0° and
180°. Such a unique sina dependence in AR%‘”Y is
drastically distinct from the nearly a-independent first
harmonic signals of ARTX.

For a consistency check, the current dependent R7”Y for
a = 180° and R3*Y for a = 90° at T = 2 K are shown in
the upper and lower panel, respectively, of Fig. 4(a) with
different bias currents ranging from 0.3 to 0.9 mA, where
the curves are systematically shifted upward for clarity. For
a = 180°, AR?”Y progressively increases from 35 to
84 pQ as the bias current / increases from 0.3 to
0.9 mA. The detailed / dependent second harmonic signals
(ARi‘E’T)X + iARf‘g’T) Y) are shown in the upper panel of

Fig. 4(b), where only AR?”Y data show nearly I-linear
dependent behavior, and all other second harmonic signals
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FIG.4. The I and T dependences of second harmonic signals for SRO sunbeam device with # ~ 13.7 nm. Upper panel of (a) shows the
R?*Y-poH curves for @ = 180° with four different bias currents ranging from 0.3 to 0.9 mA. Similarly, the lower panel of (a) shows the
R2°Y-uoH curves for a = 90° with four different bias currents. The two panels share the same color codes, and the curves are shifted
upward for clarity. The corresponding /-dependent second harmonic signals of AR%’Z’T)X and ARi’E’D Y for @ = 180° and 90° are shown in

upper panel and lower panel, respectively, of (b). For @ = 180° only AR?”Y is sizable with practical /-linear dependence. On the
contrary, for @ = 90° with bias current along [110],, AR?”Y becomes nearly zero with no apparent I dependence, but instead the
transverse channel of AR3”Y bears a clear I dependence, inferring the presence of an effective D along [110],. Panel (c) shows
the progressive increases in the magnitude with decreasing T for both AR?*Y of a = 180° and AR>”Y of a = 90°. Panels (b) and

(c) share the same symbols and color codes.

are vanishingly small. On the contrary, for a = 90°
the AR3”Y increases from about 10 to 30 pQ as I incre-
ases from 0.3 to 09 mA, and the corresponding
I-dependent signals are shown in the lower panel of
Fig. 4(b). The nearly I-linear dependence of AR3”Y for
a = 90° appears only in the transverse channel but not in
the longitudinal channel of AR?*Y, justifying the presence
of nonlinear Hall effect in SRO thin films. The magnitude
of both AR?*Y for & = 180° and AR3*Y for a = 90° grows
rapidly as 7" drops below 10 K, as shown in the upper and
lower panel, respectively, of Fig. 4(c), which is dramati-
cally different from the minor drops in py (r) and the nearly
constant oy, = pr/ (p} + p3) with decreasing T as shown
in Figs. 1(c) and 2(b), respectively. We also note that the
extracted AR and AR?” do not vary significantly with the
bias current frequency (see Supplemental Material Note 5
[36]), and they derive from the difference in the second
harmonic signals between opposite magnetization direc-
tions in SRO at zero external magnetic field, as illustrated in
Figs. 3(a) and 3(b). Therefore, the extrinsic contact effects
and also possible magnetic field related effects for NRTE
and nonlinear Hall effects can be excluded [40—42].

IV. DISCUSSIONS

In a magnetic system with broken time reversal sym-
metry, both intrinsic and extrinsic AHE can contribute to

the measured Hall signals [37], and nonlinear Hall signals
at the second harmonic generally require additional inver-
sion symmetry breaking [20,21,43—45]. As demonstrated
in Fig. 2(b), the low-temperature AHE in SRO was
dominated by the contribution from the intrinsic AHE
due to Weyl nodes near the Fermi surface [26], where o,y is
nearly a constant of about e?/hc, down to about 1.4 K, and
thus extrinsic skew scattering effect [44,45] shall not play a
significant role for our observed nonlinear Hall signals. On
the other hand, the distinct sin @ dependence of AR3” does
not seem to be compatible with the intrinsic mechanism due
to the electron-lifetime-independent quantum metric dipole
(QMD) [20,46-49], where intrinsic AHE at zero field
(AR?) is nearly o independent, as shown in the lower
panel of Fig. 3(c). Therefore, the observed nonlinear Hall
signals of AR3”Y are more likely derived from the BCD
[21] due to bulk or surface states with inversion symmetry
breaking.

The BCD contribution to the second harmonic current
density can be derived as j2” =y EpE., and y,p.=
—&4qcl€’7/202(1 + iwt)|D,y. The BCD can be expressed
as Dyg = [[d°k/(27)%] f(0Q2y/0k}), where fy and Q are
the equilibrium Fermi-Dirac distribution and the Berry
curvature, respectively, and it can be nonzero for systems
with titled Weyl nodes and inversion asymmetry [21,50,51].
Therefore, with a bias current along b axis, the resulting

011022-6



NONLINEAR AND NONRECIPROCAL TRANSPORT EFFECTS IN ...

PHYS. REV. X 14, 011022 (2024)

nonlinear Hall current is simply j2 = y ., E7, with y,, =
[e37/272(1 + iw7)] D)., and thus j2¢ is a direct measure for
the Berry curvature gradient along the bias current direc-
tion. In our sunbeam device with different bias current
directions of « values ranging from 0° to 180°, the largest
nonlinear Hall signal was observed with a = 90°, inferring

the presence of an effective BCD D along [110],. In order to
compare the magnitude of our observed nonlinear Hall
effect with other systems, we adopted the 3D formula
with resistivity anisotropy effect shown in Fig. 1(b).
The a-dependent AR?” can be deduced to give AR¥ =
(XappPapi/ W1 sin a, where py, (p,,) is the resistivity along
[110], ([001],), and W is the width of the Hall bar device
(W = 150 pm) (see Supplemental Material Note 2 [36]).
The sina and I-linear dependences of AR3” are well
confirmed by the experiment shown in the lower panels
of Figs. 3(c) and 4(b), respectively. By using a Drude
electron lifetime of about 7, ~ 1.9 x 10713 s, the magni-
tude of the effective 3D BCD can be roughly estimated to

be about \5| ~ 55, which falls in the same order of
magnitude as several other reported 3D Weyl systems with
large BCD [52], and the corresponding E;*/(E¥)* ~ 1.7 x
107 (m/V)at T =2 K.

For bulk inversion symmetry consideration in SRO thin
films, the onset of ferromagnetism for 7' < 150 K with
magnetization along [110], can, in principle, break the mirror
planes with normal vectors perpendicular to the magnetiza-
tion direction, and a similar mirror symmetry breaking by
magnetism has been reported before [53]. The absence of the
mirror plane at low temperature was further confirmed by the
change of the crystal structure to monoclinic phase with a
space group of P2, /c for T < 150 K, which was determined
by high precision x-ray measurements down to 10 K (see
Supplemental Material Note 1 [36]). We also conducted
rotational anisotropy second harmonic generation (SHG)
measurements, which can be sensitive to the magnetic
order parameter in perovskite transition metal oxides [54].
Figure 6(a) shows the temperature dependence of the
scattering plane angle averaged SHG intensity from a
SRO/STO film with 7 = 35 nm, which exhibits an intensity
upturn below 150 K. Although we did not resolve whether
the magnetic order induced SHG susceptibility is directly
proportional to the magnetization or to its square (as would
be the case for magnetostriction), the critical temperature is
consistent with that reported for bulk single crystals. We also
noted a progressive increase in the SHG intensity as temper-
ature decreases further. We remark that the low-temperature
space group P2, /¢ lacks mirror planes but remains inversion
symmetric, which excludes significant bulk structure inver-
sion symmetry breaking due to possible lattice strain gradient
effect [55-57]. Nevertheless, due to strong d-p hybridiza-
tion, the calculated O moments turn out to contribute up to
about 20% of the total magnetic moment in SRO, and thus the
resulting noncollinear magnetic configurations [31,58,59]

(see also Supplemental Material Note 6 [36]) can, in
principle, give rise to a magnetic space group with a broken
bulk inversion symmetry and thus nonzero bulk BCD.
From rigorously calculated band dispersions along k| and
k, (see Supplemental Material Note 6), we found that all
Weyl nodes appear to be tilted and thus can give rise to
nonzero BCD with broken bulk inversion symmetry [50].
Taking a Weyl node of W};; with |¢ — eg| = 1.87 meV as an
example, the band dispersions along k| and k, are plotted in
the left-hand and right-hand panel, respectively, of
Fig. 6(e). It shows a large tilting of Weyl node along both
kH and k,. Nevertheless, our calculated bulk BCD based on
such a noncollinear magnetic configuration only gives a
|f)| <1072 that is too small by orders of magnitude to

explain our observed effective |5| (see Supplemental
Material Note 7). We also performed the bulk QMD
calculations, and the resulting nonlinear QMD conductivity
[Gupe = j2*/(EYE?)] has a magnitude of < 30 pA/V? that
corresponds toa E5” /(E¥)? < 107'! (m/V), which is more
than 4 orders of magnitude smaller than our observed
nonlinear Hall signals (see Supplemental Material Note 7
[36]). While the tilted bulk Weyl nodes in SRO with a
noncollinear magnetic configuration can give rise to non-
zero bulk BCD and QMD contributions to nonlinear Hall
signals, their calculated magnitudes are too small to account
for the observed AR3” in our experiment.

On the other hand, surface projected Weyl nodes and
also Fermi-arc surface states, lacking inversion symmetry,
may also give rise to nonzero BCD D. The growing
contribution from surface states at low temperatures is in
accord with the dramatic changes of magnetotransport
behavior below 10 K, as demonstrated in Fig. 5. As T
decreases from 10 to 1.4 K, the weak field transverse MR
with field along [110], shows a crossover from a negative
transverse MR to a positive transverse MR as shown in
Fig. 5(a), and the Hall resistivity [Fig. 2(a)] also shows a
nonlinear field dependence below 10 K, indicating a
multiple channel conduction at lower temperatures. On
the other hand, pronounced quantum oscillations with a
frequency of about 28 T were observed for all a values in
our sunbeam device as shown in Fig. 5(b) for @ = 90°, and
the corresponding fast Fourier transform (FFT) spectra for
different temperatures are shown in Fig. 5(c). We note that
28 T quantum oscillations in SRO thin film were recently
reported to behave as a 2D-like Fermi pocket with
signatures that are consistent with Weyl-orbit quantum
oscillation effect due to the bulk tunneling between the top
and bottom Fermi-arc surface states [34,35]. The open
black squares and open red circles in Fig. 5(d) plot the rapid
increase of FFT amplitude for quantum oscillations below
10 K for @ = 180° and 90°, respectively, which turns out to
show a strong correlation with the rapid increases of AR
(solid black squares) and AR%‘” (solid red circles). This is in
big contrast to the minor decrease of resistivity (p;) from
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FIG. 5. The transverse magnetoresistance crossover and the emergence of quantum oscillations below 10 K. (a) A crossover of
transverse MR from negative to positive in the weak field regime as 7 decreases from 10 to 1.4 K. (b) The T dependence of pure
oscillating component of p; (dp;) as a function of 1/uH for @ = 90°, and the corresponding FFT spectra are shown in (c) which shares
the same color code as (b). It reveals a dominant contribution from a 2D-like quantum oscillation with a frequency of about 28 T, where
its oscillating amplitude grows rapidly below 10 K. The T dependence of FFT amplitudes, AR3”, and AR?® for a = 90° and 180° are

shown in (d). It indicates a close connection of the observed AR%’E’T) to the transverse MR crossover and 2D-like quantum oscillations

below 10 K, where the surface dominant charge transport plays an important role.

about 13.1 to 10.3 pQcm as 7 goes from 10 to 2 K.
Therefore, the rapid increases of the second harmonic
signals of AR3” and AR}” below 10 K [Fig. 4(c)] are
unlikely scaled with the bulk Drude electron lifetime.
Instead, it signifies a crossover to a surface dominant
charge transport with inversion symmetry breaking below
10 K, and thus the observed nonlinear Hall signals is likely
originated from the surface states in a SRO thin film. In
addition, the observation of a large NRTE of AR?” in the
longitudinal channel is intriguing, and its amplitude also
grows with decreasing 7 below 10 K, suggesting an
intimate relation with the appearance of the nonlinear
Hall signals of AR%’”. However, as demonstrated in
Fig. 3(c), the a dependence reveals a clear orthogonality
in the AR?” and AR3”.

We thus propose a real space scenario as illustrated in
Fig. 6(b), where a D along [110], is accompanied by 1D

chiral edge modes along the orthogonal direction of [001],
(orange line). Figure 6(c) illustrates a minimum Weyl
model with one pair of Weyl nodes with chiral charges
of +1 and —1. For the yellow shaded slice between Weyl
node pair of opposite chiral charges, the integration of the
total Berry flux across each 2D slice will give a Chern
number of 1 accompanied by a unique 1D chiral edge mode
at the boundary of the system, as shown in the upper panel
of Fig. 6(c) [12,17]. On the other hand, for the green shaded
slice with the Weyl-node pair on the same side, the total
Chern number is then zero without the presence of chiral
edge modes. The Fermi-arc surface states are thus the zero
energy chiral edge modes, connecting the nonoverlapped
Weyl-node pair on a surface Brillouin zone. By searching
for Weyl nodes among four bands of 87 to 90 near the
Fermi surface within an energy window of |e —e| <
30 meV in the calculated SRO band structure, a number
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FIG. 6. A proposed scenario for the observed NRTE in Weyl metal thin film of SRO/STO. (a) The temperature dependence of the
scattering plane-averaged SHG intensity from a SRO/STO film with ¢ ~ 35 nm measured in S;,—S,, polarization geometry. The dashed
gray line marks the Curie temperature 7. A constant background based on the SHG intensity above 7. [60] was subtracted off. The
orange curve is a guide to the eye. The error bar shows the standard deviation of the intensities over 5 independent measurements.
(b) shows the proposed real space scenario of the SRO/STO system with tilted Weyl nodes, giving rise to an effective BCD D from
surface states along [110], and 1D chiral edge modes along [001],. (c) An illustration of a minimum model of Weyl system with one
Weyl-node pair of chiral charges +1 and —1. For 2D slices between the Weyl-node pair, it gives a Chern number 1 with 1D chiral edge
modes on the boundary of the system as demonstrated in the upper panel of (c). (d) Calculated Weyl nodes locations projected on k| -k,
plane, and only Weyl nodes with energies of |e¢ — x| <30 meV are included. Open and closed symbols correspond to different
magnetization orientation conditions, and the red (blue) color indicates the corresponding chiral charge of +1 (—1). The shaded yellow
region indicates the nonzero total Chern number, supporting the existence of 1D chiral edge modes along k,. (¢) The band dispersions
along k; and k, for Weyl node of Wy show a tilted Weyl node.

of Weyl nodes from band pair (89/90) can be identified and
projected on the (110), plane as demonstrated in Fig. 6(d)
(see Supplemental Material Note 6 [36]). Closed and open
triangles correspond to Weyl nodes from two different
magnetic easy axis conditions of M||[110], and —20°M
tilting from [110], toward [110],, respectively (see also
Supplemental Material Note 2 [36]). The red and blue
colors represent the corresponding chiral charge of 41 and
—1, respectively. We note that the yellow shaded region in
Fig. 6(d) highlights the nonzero total Chern number and
thus supports the presence of 1D chiral edge modes
along k,.

When flipping the magnetization in SRO, the signs of the
chiral charges also reverse due to the swapping of spin

subbands, and both the directions of BCD D and 1D chiral
edge modes will reverse accordingly. Such 1D chiral edge
modes are equivalent to the 1D chiral edge modes in a
magnetic TI with quantum anomalous Hall phase [8-11],
where a large NRTE in the longitudinal channel has been
recently reported arising from the asymmetric scattering
between the 1D chiral edge modes and other surface states
[23]. For the Weyl metal SRO, in principle, similar NRTE
in the longitudinal channel for bias current along [001],
(AR?® for a = 0° and 180°) can thus appear due to the
asymmetric scattering associated with the 1D chiral edge
modes. This may also explain the vanishing of AR for
a=90° and thus the intriguing orthogonal relation
between AR?” and AR3” shown in Fig. 3(c). We note
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that our observed AR?” due to an effective BCD of surface
states may be related to a recently proposed theory [19] that
a hotline with divergent Berry curvature, separating the
Fermi-arc surface states and 3D bulk states, may lead to a
large nonlinear Hall response. However, the issues regard-
ing the contribution of Fermi-arc surface states to NRTE
and nonlinear Hall effect call for more theoretical and
experimental efforts.

V. CONCLUSIONS

In summary, large nonlinear and nonreciprocal charge
transport effects along the longitudinal (AR?®) and trans-
verse (AR3”) channels were discovered below 10 K in a
sunbeam device fabricated from an untwinned thin film
SRO grown on miscut STO (001) substrate. Below 10 K,
the crossover of weak field transverse MR behavior and
also the rapid rise of 2D-like quantum oscillation amplitude
not only support the surface dominant charge transport but

also agree well with the observed 7-dependent ARi‘E’T). The

detailed bias current direction dependence reveals an
intriguing orthogonality between the observed AR and
AR?®, and, for bias current along [110], (@ = 90°), AR3 is
at maximum while AR?” is vanishingly small. Considering
the dominant roles of the intrinsic AHE and surface charge
transport at low temperatures in thin films of SRO/STO
system, a scenario of an effective BCD D from surface
states along [110], accompanied by 1D chiral edge modes
along [001], was proposed to give a qualitative explanation
for the observed a-dependent AR?® and AR3”, which is
supported by the calculated band dispersion with tilted
Weyl nodes. Our findings demonstrate the feasibility of
using the nonlinear and nonreciprocal charge transport
effect as a probe for intriguing topology-related electronic
properties in a topological system, such as the BCD from
nonlinear Hall and 1D chiral edge modes from NRTE. On
the other hand, our observations of NRTE and nonlinear
Hall effect in SRO/STO may also highlight the intriguing
possibility of investigating surface dominant charge trans-
port behavior in topological thin film systems.

VI. METHODS

The sunbeam device was patterned on a SRO/STO thin
film with SRO layer thickness # ~ 13.7 nm, using standard
photolithography followed by argon ion milling. It is
composed of 16 Hall bars with a ranging from 0° to
360°, and the angle difference between adjacent Hall bars is
22.5°. One of the Hall bars was carefully aligned along the
SRO orthorhombic [001], direction, which is defined as
a = 0°. Each Hall bar has exactly the same geometry with a
width of 150 pm and a length of 290 pm between longi-
tudinal voltage leads. The Au (35 nm)/Ti (10 nm) electro-
des were deposited and fabricated via a subsequent step of
photolithography.

The magnetization measurements on SRO/STO thin
films were carried out using a SQUID MPMS system
from Quantum Design. The longitudinal (transverse)
ARf(T) and AR%‘E’T) signals were measured simultaneously
by a lock-in amplifier at first and second harmonic
references, respectively. Rotational anisotropy SHG mea-
surements were performed using a high-speed rotating
scattering plane method described elsewhere [61]. The
light source was a Ti:sapphire laser of central wavelength
800 nm. The incident beam was focused onto the sample
surface at oblique incidence (6 = 10°) with a spot size
of ~30 pm.

The electronic structure calculations for the orthorhom-
bic and monoclinic structures of StTRuO; were performed
using the projector augmented-wave method [62], as
implemented in the Vienna ab initio simulation package
[63], within the generalized gradient approximation
schemes [64]. A 9 x 9 x 6 Gamma centered k-point mesh
was used, together with a cutoff energy of 500 eV. The total
energy convergence criterion was 1076 eV. The spin-orbit
coupling was included in the self-consistent calculations. In
the orthorhombic case, the magnetization direction is
chosen along [110],. In the monoclinic case, two magneti-
zation directions were considered; namely, M is along
[110], and M is tilted —20° from [110], toward [110],. In all
the cases, the effect of the on-site electronic correlations in
the Ru d states (4d* for Ru**) was taken into account by
using the rotationally invariant GGA + U scheme [65] with
U=3.0¢eV and J = 0.6 eV. We have used Ru d orbitals
and O p orbitals to construct the Wannier functions [66,67]
with VASP2WANNIER90 [68] interface. We have used
WannierTools [69] to search the Weyl points and to identify
the chirality of each Weyl point. We have used FINDSYM
[70] to identify the magnetic space group symmetry in all
the cases with the magnetic moments of both O and Ru
atoms included.

Note added in proof. We recently became aware of a recent
theoretical work on NRTE and nonlinear Hall effect due to
quantum metric dipole in a special PT-symmetric topo-
logical antiferromagnet MnBi,Te, [71]. This system is
fundamentally different from the PT-asymmetric ferromag-
netic Weyl SRO system discussed in current manuscript.

All the supporting data are included in the main text and
Supplemental Material [36]. The data that support the
findings of this study are available from corresponding
authors upon reasonable request. The input files for the
ab initio calculations using VASP, Wannier tight binding,
and WannierTools are available upon reasonable request.
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