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The Onsager—Casimir reciprocal relations are a fundamental symmetry of nonequilibrium statistical systems. Here we
study an unusual chirality-dependent Hall effect in a tilted Weyl semimetal Co3zSn;S, with broken time-reversal symmetry.
It is confirmed that the reciprocal relations are satisfied. Since two Berry curvature effects, an anomalous velocity and a
chiral chemical potential, contribute to the observed Hall effect, the reciprocal relations suggest their intriguing connection.

Keywords: Onsager—Casimir relations, tilted Weyl semimetal, chirality-dependent Hall effect
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Onsager’s reciprocity relations state that in thermody-
namic systems out of equilibrium, the linear response coeffi-
cient, linking a thermodynamic driving force and the resultant
flow, is a symmetric tensor. That is, £;; = Lj;. In the pres-
ence of time-reversal symmetry breaking fields, it becomes
the Onsager—Casimir reciprocal relations, £;;(B) = L;i(—B),
where B denotes all time-reversal symmetry breaking fields.
These relations, rooted in the principle of microscopic re-
versibility, are a fundamental symmetry of nonequilibrium sta-
tistical systems. When multiple coupled pairs of flows and
thermodynamic forces are involved, the relations can offer in-
sights into the connection between different response coeffi-
cients that seem, at first glance, unrelated. For instance, in
his seminal papers in 1931, Onsager derived the relations for
several coupled irreversible processes and related different co-
efficients to one another.!"-?! The reciprocal relations have also
played an important role on understanding various spin-related
transport. 13!

Recently, an unusual chirality-dependent Hall effect and
magnetoresistance that are antisymmetric in both magnetic
field and magnetization were predicted to occur in tilted topo-

4101 1t was suggested that such

logical Weyl semimetals.!
an antisymmetry violates the Onsager—Casimir reciprocal
relations.!®! Soon, the antisymmetric Hall and magnetore-
sistance were experimentally observed in a magnetic Weyl
semimetal, Co3Sn,S;.!!!l The phenomenon is originated from
the Berry curvature of energy bands and involves several
effects. In particular, the longitudinal linear magnetoresis-

tance results from the Berry curvature correction to the phase
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space volume, while the Hall effect consists of contributions
from the chiral chemical potential and the anomalous veloc-
ity.
Co3Sn,S,, with a focus on the validity of the Onsager—Casimir

Here, we study the chirality-dependent Hall effect in

reciprocal relations. Two methods were employed and it was
found that the reciprocal relations hold for this Hall effect.
The relations connect the effect of the chiral chemical poten-
tial to that of the anomalous velocity. Despite only one pair of
flow and force at work, our results reveal an intriguing connec-
tion between two effects, which deepens our understanding of
Berry-curvature-related electrical transport.

Co3Sn, S, single crystals were grown by the chemical va-
por transport method!'!l and polished to a bar shape for the
transport measurements. We utilized silver paste to fabricate
the electrical contacts. Before applying the paste, the crystal
was treated with Ar plasma to improve the contact. The device
is shown in the inset of Fig. 1(a) and the x axis in the diagram
is along the crystal [100] direction. The electrical transport
measurements were performed using a low frequency lock-in
method. A typical current of 2 mA-3 mA was employed. The
angular dependence experiment was carried out using a mo-
torized rotator stage with a resolution of 0.02°. Our samples
exhibit transport properties similar to previous reports.[!1=14]
The temperature dependence of the longitudinal resistivity py,
is shown in Fig. 1(a), where a ferromagnetic phase transition
manifests as a clear kink at the Curie temperature 7, ~ 175 K.
Below T, the anomalous Hall effect is observed, as shown
in Fig. 1(b). The Hall resistivity p,, jumps at the coercive
field B, and shows a linear dependence on the magnetic field
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above B, from which we obtain an ordinary Hall coefficient
Ry = 0.51 pQ-cm/T and a corresponding carrier density of
1.2x10%! cm™3.
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Fig. 1. Basic transport properties of Co3Sn;S, sample #1 and the chirality-
dependent Hall effect. (a) Temperature dependence of the longitudinal re-
sistivity pyy. A clear kink indicates a Curie temperature of 175 K. The inset
shows the Hall bar device and the scale bar is 300 um. (b) Anomalous Hall
effect at T = 50 K. The linear dependence of p., on the magnetic field above
B, suggests a single carrier type. (c) Hall resistivity as the magnetic field
scans along +70° in the xz plane at 7 = 50 K. The inset depicts the mea-
surement setup and the magnetic field direction. (d) The chirality-dependent
Hall resistivity pﬁfv obtained by symmetrizing the data in panel (c). pg, is lin-
ear in magnetic field and changes its sign as the magnetization reverses.

Co3Sn, S, is a magnetic Weyl semimetal.['416] The in-
terplay of band topology and magnetism gives rise to a
number of unusual phenomena, attracting intensive research
interest.'">291 A very recent experiment has uncovered a
chirality-dependent Hall effect that is antisymmetric in both
the in-plane magnetic field and the magnetization.!'! Tt is
The
chirality-dependent Hall effect is observed in our samples.
When the magnetic field is rotated from the z axis to the x
axis, as depicted in the inset of Fig. 1(c), the in-plane field
generates an extra Hall resistivity proportional to B,. There-

believed to be associated with the titled Weyl cones.

fore, the transverse signals at £6 diverge, shown in Fig. 1(c)
(6 = £70° for instance). The chirality-dependent Hall ef-
fect pfy can be obtained by data antisymmetrizing as p)?g(e) =
[0/, (+6) — p1,(—6)]/2, where pl, = p.y, — pATE. Considering
that the amplitude and orientation of the magnetization remain
almost unchanged at 50 K due to a strong magnetocrystalline
anisotropy, 718 a constant anomalous Hall resistivity pfyHE is
subtracted. The obtained p;cy for positive and negative magne-
tization at 8 = £+70° are plotted in Fig. 1(d), which is consis-
tent with the previously reported results of p o< B,M,.[!!]
The chirality-dependent Hall effect satisfies py,(B,M) =
Pxy(—B,—M), which is consistent with the Onsager—Casimir
reciprocal relations.!'!) However, to prove that the reciprocal

relations hold, one needs to verify pyy(B,M) = py(—B,—M).
One method is to attest the reciprocity theorem

R1234(B,M) = R34,12(—B,—M), (D

where the two pairs of indices denote the current leads and
voltage leads, respectively.>!3?] Equation (1) can be derived
from the Onsager—Casimir reciprocal relations. Figure 2
shows the Hall effect measured under two configurations. In
the first configuration, the current is applied through contacts
1 and 2, and the voltage between 3 and 4 is measured to ob-
tain R34, as depicted in the bottom inset of Fig. 2(b). In
the second configuration, the current and voltage leads are
swapped. The current is applied through contacts 3 and 4, and
the voltage between 1 and 2 is measured to obtain R34 12, as
depicted in the bottom inset of Fig. 2(c). Measurements were
performed at several angles. Data are shown in Fig. 2(a). In all
cases, R34 12(—B, —M) follows Ry 34(B,M) exactly. Conse-
quently, the extracted chirality-dependent Hall effect satisfies
the reciprocity theorem, RY, ;,(B,M) = R73‘4‘12(—B, —M), as
shown in Figs. 2(b) and 2(0)./ We further measured the mag-
netic field angular dependence of two resistances, shown in
Figs. 2(a) and 2(b). The magnetic field was rotated in the
xz plane. The chirality-dependent Hall resistivity can be ex-
tracted as RX(0) = [R(+0) — R(—6)]/2 and is presented in
Figs. 3(c) and 3(d). The angular dependences of R)fm 4(B,M)
and R§‘4712(—B7 —M) show almost the same behavior, further
supporting the validity of Eq. (1).

>1<2,34(B) (mQ)

RHall (mﬂ)

.

10

B (T)

Fig. 2. Verification of the reciprocal theorem, Eq. (1). (a) Rj2.34(B) and
R34.12(—B) at different angles in the xz plane for 7 = 50 K. Data are shifted
for clarity. (b)—(c) ijz,34(3) and R§4‘ 12(—B) at 80° by data antisymmetriz-
ing, respectively. The bottom inset depicts the measurement configuration,
while the top inset shows the angle definition.

However, equation (1) is a global symmetry. In princi-
ple, a whole series of four-probe measurements must be car-
ried out and all results must comply with Eq. (1) in order to
prove the validity of the Onsager—Casimir relations. *>33 We
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now attempt another method, i.e., direct verification of the lo-
cal symmetry of py,(B,M) = p,,(—B,—M). Note that there
is a practical disadvantage in this method, as it is difficult to
prepare Hall bars along two directions on the same crystal.
In Fig. 2, Ri234(B, M), corresponding to py, (B, M), was mea-
sured. We had to prepare a Hall bar with another sample to
measure Py(—B,—M). Since no two samples can have ex-
actly the same resistivity, only a semi-quantitative comparison
will be made.
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Fig. 3. Angular dependence of the Hall resistance. (a)-(b) Angular de-
pendence of Ry 34(B) and R34,12(—B) at B=8.8 T for T = 50 K. (c)~(d)
Angular dependence of R)1£2_3 4(B) and R§4112 (—B) by data antisymmetrizing.
The same angular dependehce of R and R* under two configurations further
verifies the reciprocal theorem.
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Fig. 4. Verification of the local Onsager—Casimir relations. (a) py.(—B)
of sample #2 at several angles for T = 50 K. The behavior is similar to
sample #1. Data are shifted for clarity. (b) p&(—B) at 80° for positive
and negative magnetization. The top inset depicts the measurement setup.
The bottom inset shows an optical image of sample #2 and the scale bar is
300 pum.

Figure 4(a) displays the measured py.(—B) at 6 = 80°,
0°, —80° for sample #2. Above B, py, exhibits a linear B-
dependence, from which a carrier density of 8.4 x 10°° cm™—3
is obtained. It is slightly smaller than the carrier density of
sample #1. The resistivity at zero field is about 125 pQ-cm,
compared to 65 pQ-cm of sample #1. With increasing mag-
netic field or angle 6, py,(—B) at +6 diverge. This behav-
ior qualitatively agrees with that observed in sample #1. The
chirality-dependent Hall resistivity py’gc(fB) can be extracted
by symmetrizing, depicted in Fig. 4(b). It is antisymmetric in

both magnetic field and magnetization, mimicking py, (B, M),
which confirms the local Onsager—Casimir reciprocal rela-
tions. The amplitude of pf& for sample #2 is nearly twice as
much as that for sample #1, which we believe can be attributed
to the difference of a factor of 2 in the resistivity.

To reveal the implication of the reciprocal relations on the
chirality-dependent Hall effect, it is necessary to identify vari-
ous effects of the Berry curvature involved in the phenomenon.
Start from the equations of motion for band electrons. The ve-
locity can be expressed as
e

n
where vg = %g—z is the band group velocity, 25 o< xk% is the
Berry curvature, and D(B,$2) = [1 4 (B - £2;,)] "' is the
modification of the phase space volume.P*31 ¢ 1, E, and B
are the elementary charge, the reduced Planck constant, elec-
tric field, and magnetic field, respectively. ¥ = £1 is the chi-
rality of Weyl cones. 7 (v - §2)B is the anomalous velocity
related to the Berry curvature. One can calculate the nonequi-

ﬁ:D(B,.Qk) ’Uk—l—%EXQk—f— (vk-ﬂk)B R 2)

librium distribution function by solving the Boltzmann equa-
tion under a relaxation time approximation and arrive at[’-%!

2
Jie = fot [eDTE-karehDT(B-E)(Uk-Qk)

9 fo
X <_8£k> ) 3)

neglecting higher-order corrections. Here, fy is the equilib-
rium distribution function, and 7 is the mean free time. The
first term in the square bracket is the shifted distribution in-
duced by the electric field, while the second term is the chiral
chemical potential, resulting from pumping of electrons be-
tween Weyl cones of opposite chiralities. The current can be
calculated by integration of the velocity

. ko
j==e D e 4)

When calculating the integral, it should be born in mind that
Weyl cones appear in pairs. There are three contributions that
are linear in magnetic field and electric field, which are non-
zero only when Weyl cones are tilted. One is the product of
the first term of Eq. (2) and the second term in Eq. (3). It gen-
erally contributes to the diagonal current and hence is not of
our interest. We write down the other two contributions as

63
i = =5 | GePl(E v 208
+(B - E)(vg - 2)vg| % (ggz). 5)

The first current is the contribution of the anomalous velocity
from the shifted distribution, denoted as ja. The second cur-
rent is the contribution of the velocity from the chiral chemical
potential, denoted as jc.

For simplicity, let us consider the particular configura-
tions in our measurements. As depicted in Fig. 5, the tilt of
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Weyl cones is along the y axis,[!!] while the in-plane magnetic
field is along the x axis. Various terms in the integrand are
sketched to provide an intuitive estimation on the correspond-
ing currents. For p,, (Since the Hall resistivity is much smaller
than the longitudinal resistivity, p.y = —Gyy /(05 + 03, ) o< Oy
Thus, o, calculated by Eq. (5) can be directly compared with
Pxy obtained by experiments.), the electric field is in the y di-
rection. jc vanishes because B+ E = 0. ja is parallel to B
(transverse). Although the anomalous velocity 7 (vg - §2¢)B
are opposite in Weyl cones of opposite chiralities, the shifted
distributions are not symmetric in the presence of a tilt, yield-
ing a finite current. For p,., the electric field is in the x direc-
tion. j is in the x direction and affects the longitudinal con-

(a)

(b)

J’_

ductivity. The transverse component of current comes from
Jc. It is worth pointing out that for Weyl cones without a tilt,
when considering the effect of the chiral chemical potential,
the Fermi level lies horizontally and only shifts in energy. In
contrast, for tilted Weyl cones, the Fermi level not only shifts
in energy, but also tilts along the y direction, as sketched in
Fig. 5(d). When Weyl cones are not tilted, jc vanishes be-
cause v is odd in k within a Weyl cone. A tilt breaks the
inversion symmetry of vg within a Weyl cone and the balance
between two cones, giving rise to a finite current. The cur-
rent is along the direction of the tilt (the y axis), as sketched in
Fig. 5(f).

£ 1

e) LLE?

Fig. 5. Schematic diagram of different contributions to the B-linear transverse current. (a) Weyl cones of y = =1 tilt along the y direction.
The Fermi level tilts due to the electric field. (b) Anomalous velocity vg o (Vg - £2g) - B (red arrows) and the distribution function shift
Afg o< vy, - E (contour plot) due to F field, where E || y and B || x. (¢) B-linear current due to vgAfg (blue arrows on the Fermi surface), the
integration of which over Fermi surfaces yields ja. (d) The influence of the chiral chemical potential on the Fermi level. The Fermi level also
tilts as vy, - £2), varies on the Fermi surface. (e) vy, (red arrows) and the influence of the chiral chemical potential on the distribution function
Afea < (B - E)(vg - £25) (contour plot) on the Fermi surface, where E || —x and B || x. (f) B-linear current due to vgAfc, (blue arrows).

Our experiments indicate that the Onsager—Casimir re-
ciprocal relations hold for the chirality-dependent Hall effect,
Pxy(B,M) = py,(—B,—M). Based on the above analysis on
the origin of p,, and py,, it can be therefore concluded that
ja(B,M) = jc(—B,—M) in our experiment configurations.
Although these two currents are manifests of different effects,
our results suggest that they are intricately connected.

Having verified the reciprocal relations under a particu-
lar electric and magnetic field configuration and pointed out
its implication, we generalize the conclusion to all configura-
tions. Substituting Egs. (2) and (3) into Eq. (4) and dropping
the term for the anomalous Hall effect, one can express the

conductivity tensor as

dk e
_ o2 v 4= . )
e 7/ (271:)3D [v, + h(vk Qk)B,}

X {vj—i—%(vk-ﬂk)Bj} X <—3£Z>,

Gij =

(6)

where v; denotes the i-th component of vg. It was in-
correctly concluded that equation (6) violates the reciprocal
relations.!®! This misunderstanding stems from the implicit
dependence of the anomalous velocity on the magnetization.
In a time-reversal-symmetry-broken Weyl semimetal, revers-
ing the magnetization leads to a reversal of the chiralities of
Weyl nodes.3! Thus, the sign of 2, depends on the sign of
the magnetization. Taking the magnetization into consider-
ation, equation (6) indeed satisfies the Onsager—Casimir re-
ciprocal relations, o;;(B,M) = 0ji(—B,—M). When £2 =0,
equation (6) is reduced to the conventional formula. The ef-
fect of the Berry curvature is to introduce a correction (the
anomalous velocity) to the velocity, besides the change of the

phase space volume.
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