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Emulating topological currents arising from a dipolar parity
anomaly in two-dimensional optical lattices
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Dipolar parity anomaly can be induced by spatiotemporally weak-dependent energy-momentum separation
of paired Dirac points in two-dimensional Dirac semimetals. Here we reveal topological currents arising from
this kind of anomaly. A corresponding lattice model is proposed to emulate the topological currents by using
two-component ultracold atoms in a two-dimensional optical Raman lattice. In our scheme, the topological
currents can be generated by varying on-site coupling between the two atomic components in time and tuned via
the laser fields. Moreover, we show that the topological particle currents can directly be detected from measuring

the drift of the center of mass of the atomic gases.
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I. INTRODUCTION

Topological states of quantum matter have been paid
significant attention in condensed-matter physics [1,2] and
belong to a new classification paradigm based on the notion
of topological order [3,4], which is distinctly different from
the states that are characterized by Landau theory based on
spontaneous symmetry breaking [5]. In recent years, more and
more interest have shifted from gapped topological insulators
or superconductors to gapless topological systems, including
topological semimetals with Dirac points [6—-8], Weyl points
[9-18], Dirac line nodes [19-25], as well as symmetry-
protected Z,-type gapless points [26,27] and spin-1 Maxwell
points [28,29].

On one hand, the topological electromagnetic responses
have emerged as a hot topic of research on topological
semimetals. For three-dimensional (3D) topological Weyl
semimetals, there exists a topological current Jy, = boB /47>
arising from the chiral magnetic effect in the presence of the
energy separation of paired Weyl points by and the external
magnetic field B [30], which has been virtually simulated with
superconducting quantum circuits in 3D parameter space [31].
Another kind of topological responses is induced by the so-
called axial gauge fields coupling with opposite signs to Weyl
fermions of opposite chirality, which emerge due to spatially
and temporally dependent separations of a pair of Weyl points
in energy-momentum space [32-36]. In two-dimensional (2D)
graphene, similar gauge fields coupling with opposite signs
to each Dirac point (valley) can emerge from an external
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strain field [37]. Unlike Weyl points in Weyl semimetals, the
topologically stable Dirac points in 2D systems should be pro-
tected by certain robust kinds of symmetry. Therefore, topo-
logical responses (currents) in 2D Dirac semimetals related
to quantum anomalies remain unclear. Notably, a topological
edge current may be obtained from time-dependent elastic
deformations in gapped graphene preserving time-reversal
symmetry [38], which lies on a mixed Chern-Simons term in
the effective action that involves the electromagnetic and the
elastic vector potentials.

On the other hand, ultracold atoms in optical lattices pro-
vide a powerful platform to simulate various quantum states of
matter due to their high flexibility and controllability [39—43].
Remarkably, various topological systems have been realized
and measured with ultracold atoms, such as the Hofstadter
model [44,45], Haldane model [46], 2D spin-orbit-coupled
systems with Dirac points [47] and with nonzero Chern
numbers [48,49], and the chiral edge states [SO]. Moreover,
several schemes have been proposed to realize various topo-
logical semimetal bands [51-57] and artificial (axial) gauge
fields [36,58,59] with cold atoms in optical lattices. However,
feasible cold-atom schemes for the experimental realization
(simulation) and detection of topological currents are still
badly needed.

In this paper, we reveal a distinct kind of topological
currents of dipolar parity anomaly in 2D Z,-type semimetals
possessing a joint space-time inversion (P7) symmetry [27].
Such topological currents in the bulk are induced by the
spatiotemporally dependent energy-momentum separation of
paired Dirac points, which leads to an effective gauge field
that can be viewed as a 2D analog of axial gauge fields. We
also propose a tunable lattice model, which is theoretically
able to generate pure topological currents and is realizable by
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FIG. 1. (a) A sketch of the dipole momentum b, = (by, b) of
paired Dirac points in energy-momentum space for b; = 0, where
b, is a function of space and time. The Dirac points k}, and k;; are,
respectively, in blue and red Dirac cones, with & denoting the two
opposite parity signs. (b) A sketch of the topological current induced
by the dipolar parity anomaly Jp from a weak time-dependent b
perturbation.

using two-component ultracold atoms in a 2D optical Raman
lattice. In the proposed optical lattice system, the topological
currents can experimentally be generated by varying on-site
coupling between the two atomic components in time and
tuned via the applied laser fields. Furthermore, we show that
the topological particle currents can directly be detected from
measuring the drift of the center of mass of the atomic gas.

The rest of the paper is organized as follows. In Sec. 11, we
present the general results of topological currents in 2D Dirac
semimetals. Section III introduces the tight-binding model for
realizing tunable topological currents with cold atoms in a 2D
optical Raman lattice. In Sec. IV, we propose schemes for
detecting the topological particle currents in the optical lattice.
Finally, a brief discussion and a short summary are given in
Sec. V.

II. TOPOLOGICAL CURRENTS
IN 2D DIRAC SEMIMETALS

We consider a 2D Dirac semimetal system with a single
pair of Dirac points kz‘;, as shown in Fig. 1(a). The low-energy
effective Hamiltonian of the system reads

Heffzkuyu —bM)/M‘L'Z, (D

with © =0, 1, 2, where y# are the Gamma matrices defined
here in the (241) dimension of space-time as y° = o1,
y! =011, and y? = o1, with o, being the Pauli matrices
acting on the (pseudo-)spin states at each Dirac cone, while
79 and 7, belong to the other set of Pauli matrices acting on
the two cones. The dipole momentum b,, denotes the separa-
tion of paired Dirac points in the energy-momentum space.
More specifically, here 2by denotes the energy separation
and one can define the vector b = (b1, by) = (kg —-k;)/2
denoting the momentum separation, with an example shown
in Fig. 1(a).

When the system is coupled with an external (effective)
electromagnetic field A, the effective action gives rise to a
topological term,

S[OP = i/dXSEMupbﬂavAp/(Zn)' @)

See a derivation in Appendix A. The response current can be
obtained by taking the functional derivative of the anisotropic
Chern character term,

T = 8S0p/8A, = €770, b,. 3)

This implies a topological current (see Appendix A),
1
Jp = -=(Vby —3:b) x &, “)
2

and the corresponding particle density is pp = (V x b)-
e;/(2m), where h = e = ¢ = 1 is set for briefness and 7 de-
notes time. Obviously, the topological current Jp, is dependent
solely on dipole momentum b,,, which plays a similar role
as the gauge field A, — (b, b). The above current stems
from a pair of topologically protected Dirac points in 2D,
which is different from that caused by the parity anomaly of a
single Dirac point (see Appendix A), and thus may be called
topological currents of dipolar parity anomaly.

In contrast to the conventional currents that are parallel to
the induced effective electric field E.if = Vby — 0. b, here the
pure topological currents are perpendicular to Eg, similar to
the anomalous Hall current arising from a single Dirac point
having the corresponding local Berry curvatures. However,
the total anomalous Hall currents contributed from a paired
Dirac points will be vanishing in this 2D semimetal system
as they carry the opposite Berry curvatures. Although the
topological current is derived from an effective field theory of
2D Dirac semimetals under external electromagnetic fields, it
can still be illustrated as the particle current in neutral atom
systems with the same spatiotemporally dependent Dirac
dipole momentum. Notably, when there are multipairs of
Dirac points in the system, the total induced topological cur-
rent equals to that takes the sum of currents arising from each
pair of Dirac points [31]. The topological current given by
Eq. (4) is general to 2D Dirac semimetals with the low-energy
effective Hamiltonian in Eq. (1), which can be realized in
actual graphene or artificial Dirac systems. In the following
section, we propose a 2D Dirac Hamiltonian with the PT-
symmetry-protected Dirac points, which is realizable with
cold atoms in optical lattices and thus enables us to simulate
tunable topological currents of dipolar parity anomaly.

III. REALIZATION IN AN OPTICAL RAMAN LATTICE

We now turn to the realization of the topological particle
current Jp with cold atoms in a 2D optical lattice, which can
be created by slowly space varying by (and)/or time varying
b, such that the adiabatic approximation is valid for the topo-
logical features of the considered bands. For simplicity but
without loss of generalization, here we focus on generating Jp
from time-dependent b in the corresponding lattice system, as
shown in Fig. 1(b). In addition, since a pair of Dirac points
denoted by 7, in the four-component low-energy effective
Hamiltonian in Eq. (1) is decoupled, we can simply work on a
two-component 2D Dirac (graphenelike) Hamiltonian. To do
this, we consider the following Bloch Hamiltonian on the 2D
lattice:

H(K) = sin (keay,)o; + [M(t) — §; cos (kyay)
— Cos (kyay) loz + f(K)oy, (®)]
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where a, (ay) is the lattice length in the x (y) direction, A(7)
denotes a time-dependent on-site coupling between the two
atomic components, §, is a hopping parameter, and f(k) is an
arbitrary function.

According to the theory of joint space-inversion (P) and
time-reversal (7') invariant topological gapless bands [27],
‘H(k) supports a nontrivial class of node points with Z,
topological charges. The topological stability of the system
only relies on the PT symmetry with the operator A = PT =
oK, independent of the individual P =o[and T = KI here,
with [ inversing the wave vector k to —k and K the complex
conjugate operator. For H(K), it is obvious that the individual
P and T symmetries are broken, but the joint PT symmetry
is preserved. Here we wish to pinpoint that the topological
currents arising from any dipole of Dirac points in this lat-
tice Hamiltonian system take the same formula as that for
another dipole [i.e., Eq. (4)] derived from the aforementioned
continuum model H.¢ because of the topological equivalence
between the two dipoles.

The real-space Hamiltonian H corresponding to the Bloch
Hamiltonian H (k) is given by (see Appendix B)

it " ~ ~ 0
H = 3)6 Z [“}mﬁam + “Im,ia”]

J

'5 AT ~ AT A
+ ’Et Z (@4 = @), 8]

J
AT ~ AT ~
T Z [amy,Tam - amy,iam]
J
—iMT) Y al a4 + Y 1,40, 45, +He, (6)

J J,o.m

where t, =1, =1t [t =1 in Eq. (5)] denotes the spin-flip
hopping for spin states o =1, |, and t(’)’,7 denotes the spin-
independent natural hopping along the n axis with n = x, y. A
challenge for realizing this Hamiltonian with neutral atoms is
to implement the spin-flip hopping, which acts as the effective
2D spin-orbit coupling. In general, the required spin-flip
hopping terms may be achieved in a 2D optical Raman lat-
tice [48]. Particularly, they can be formed by simultaneously
applying two pairs of light beams via two-photon Raman cou-
pling with the lattice potential V£ (x, y) and Raman potential
VR(x, y). A similar Raman lattice scheme was proposed [48]
and realized in the experiment [49].

For realizing our lattice model, we can choose the lattice
potential as

VR(x, y) = iV, cos (x/ay) + Vi [cos2my/ay) + 11}
and the Raman potential as
Vi, y) = VoL,x cos’ (mx/ay) + Vof}, cosz(ny/ay).

The sketch of the Raman potential is shown in Fig. 2(a) with
ay = 2ay. In addition, the in-site coupling between two atomic
components A(7) in Eq. (6) can be achieved and tuned by one-
photon Raman coupling (via radio-frequency or microwave
fields) with the time-dependent Rabi frequency [60]. For the
optical Raman lattice under tight-binding approximation, the
system can be effectively described by the Hamiltonian H in

(b) 2 02k

FIG. 2. (a) A sketch of Raman lattice potential V(x,y) as
a function of y and x (in units of a, and let V% = V). The
green rings region denotes the Raman lattice site [minimal Ra-
man lattice potential ViR, (x,y)] and the red rings denote the site
with potential VE(x,y) = —Vi§ (x,y) < Vi¥ . (x,y). Moreover, the
orange ovals denote the optical lattice site (x;,y;), where the i
and j is the shorthand notation of x; and y;, respectively. The
orange and light-blue arrows denote the laser beams, which are
used to construct the optical lattice and Raman lattice, respectively.
From VR(x, y), we easily find VE(x,y = y;) = =VR(x 4+ a,,y = y;)
as well as VR(x,y~y)~ -VRx+a,y~y;) and VR(x,y) =
VE(x,y + ay). Two typical topological band structures (having one
or two pairs of Dirac points) are showed in (b) and (c), where the
Dirac points are denoted by k[i,’l s, and the & denote the different
chiralities. The parameters are (b),(c) 6, = 0.32 and (b),[(c)] A(7) =
1.2 [A(t) = 0.48], corresponding to the point of blue (red) lines with
T ~ 17.70r 49.1 in Fig. 3(a).

Eq. (6). See Appendix B for more details of the optical Raman
lattice and the hopping strengths.

In this optical lattice, the number of pairs of Dirac
points can be controlled by adjusting the values of A(t)
and §; (see Appendix C). If A(t) > 1 +6; or A(7) < —(1 +
8;), the band is gapped without Dirac points and thus
Jp=0.If —(1—-46;) <A(r) <1—4,, there are two pairs
of Dirac points denoted as k5, = (0, £k, ;) and ki, =
(w, Fky2), where k,;| = arccos’[)»(t) —&1/a, and ky:Z =
arccos [A(t) + &;1/ay, respectively. The corresponding dipole
momenta are 2b; = kj), —kp | = (0, 2k1), 2by =k, —
kp, = (0, =2ky2), 2bo; = f(kz;’l) — f(kp,y), and 2bg, =
f (kZ)r,z) — f(kp ). The topological current can be written as
Jp=1J, + I}, where the two contributions are given by

J5 = 70 (0)/Qray(1 — [M0) £ 8,122, (T)

with A'(t) = d1/dt. Here, we set by, =0 since f(k)
(even function) only includes the spin-independent hopping.
If 1-6 <AMt)<1+34 [—(1+8)<r(r)<—(1-35)],
there is only one pair of Dirac points k;l (ki)t’z) and the
topological current is Jp = J, (J}). Two typical bands with
one and two pairs of Dirac points are shown in Figs. 2(b) and
2(c), respectively.

For generating experimentally tunable topological cur-
rents, we consider a typical form of A(r): the time-
periodical driving A(7) = Ap(t) = Acos (wT)/2 + Ao/2 with
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FIG. 3. The topological current Jp (in units of t/a,) for the
slowly periodically driving case with A = 0.2 in (a) and (b). We set
w <K 1and A(t) — Xp/2 < 1 for Vz. Xy = 2.44, 1.0 are denoted by
blue and red dashed lines, respectively. In (a), the red and blue lines
denote J, for two pairs and a single pair of Dirac points, respectively,
with © = @y = 0.1 and §, = 0.32. In (b), Jp as a function §, with
7 = 10.0 is shown. The red line denotes the case with two pairs of
Dirac points, while the blue line represents the case undergoing a
topological phase transition from the trivial state to the nontrivial
state (a pair of Dirac points); the discontinuity of the topological
currents Jp reflects this topological phase transition. The inset is an
enlarged figure of Jp.

frequency w, noting that the concrete form of A(t) is
not important for generating the topological currents. Im-
portantly, the time-dependent term must change slowly
enough to avoid breaking the band structure. One can set
A/2|[cos(wT 4+ wTpy) — cos(wt)]| Kt with Ty = 1/t being
satisfied, such that Ap(r) can be considered as a quan-
tity which changes slowly in time. Here, 0Ty = o/t < 1
is required to avoid resonance absorption for the atom-
laser coupling field. Typically, we can set wmaxlp = 0.1
and Ap.x = 0.2¢, such that |[cos(wT 4+ wTy) — cos(wT)]| <
0.1 and |A(t 4+ Tp) — A(T)|max = 0.017 < ¢. For the time-
periodical driving case, the parameters A, w, and T are the
compact notations of A/¢, wTy, and 7 /Tj, respectively, which
are used to calculate Jp. In this notation, Jp takes the unit
of t/ay. The typical topological currents Jp in this case are
shown in Figs. 3(a) and 3(b). For Ap(7), one can regulate the
number of the pairs of Dirac points through driving the sys-
tem. The discontinuity of Jp shown in Fig. 3(b) is due to the

change of the number of paired Dirac points. This indicates
the Lifshitz transition in the system and means that one can
induce the transition by adjusting the driving parameters.

IV. DETECTION SCHEMES

To observe this topological current in realistic experiments,
we consider typical energy scales for several physical quan-
tities. For cold alkali atoms trapped in the optical lattice,
the typical recoil energy Eg/(h x 2m) is about several kHz
[61], and the typical hopping amplitude ¢ is changed in the
region (0, 0.1Eg). The coherence time of cold-atom systems is
typically around .o, ~ 100 ms. Thus, the intrinsic timescale
of the lattice system is Ty = h/t = (1, 10, 100, 1000) ms,
corresponding to ¢ = (1000, 100, 10, 1) Hz. The bosonic or
fermionic atoms can be loaded in the optical Raman lattice,
and we assume the bosons as used in the experiment [49]. The
critical temperature of typical Bose gases is about 10-100 nK.
When the trapping potential satisfies Vg, 2 5EY", the sys-
tem is well described within the tight-binding approximation
[61]. The bandwidth W ~ 4(1;  + t(’)’y +1t+1,) is several
kHz (the corresponding temperature is several-hundred nK)
for the 2D systems, where #; . is the amplitude of normal
hopping. Thus, if the temperature of the system is about
several hundred nK (the same level of bandwidth W), we can
assume the bosonic atoms will be an incoherent homogeneous
distribution within each band in k space [45] (each k can
be equally filled). Under these conditions, the topological
current can be detected via measuring the drift of the center
of mass of the atomic cloud along the x direction, although
it is not straightforward to perform conventional transport
measurements in cold-atom systems.

The drift measurement can be achieved in the same way
as that in the experiment in Ref. [45], but without an external
effective force since the topological currents arise from the
time-varying fields here. The drift velocity reads v. = Jp/p,
where p denotes the average density of the atomic gas and
is assumed invariable within the coherence time. Thus the
atomic center-of-mass displacement reads x.(t) = f Jpdt/p,
which directly reveals the features of Jp. The typical results
of the drift of the center of mass Ax, = x.(t) — x.(t = 0) as
a function of time t are shown in Fig. 4 for the periodical
driving case with p = O.Ol(ayax)_l [see Fig. 3(a) for the
corresponding Jp]. In Fig. 4(a), the dashed blue lines indicate
the maximum drift of |Ax.|. To detect Jp for the hopping
amplitude ¢ ~ 1 kHz, one requires the particle density p <
0.1 (ayax)_l . This can be achieved by setting the particle num-
ber N < 1000 for the typical optical lattice of size 100a, x
100ay. For p = 0.1, 0.05, 0.0l(ayax)’l, the corresponding
maximum displacement of | Ax,| is about la,, 2a,, 10a, with
T ~ 31.4 ms, which can be well measured in cold-atom ex-
periments [45].

An alternative detection method is to use an atomic gas of
two wave packets prepared near the paired Dirac points and
then to observe the topological response from the dipolar par-
ity anomaly, via the same dynamical (in situ) density measure-
ments [45]. For the considered time-varying perturbation that
is uniform in space, the semiclassical dynamics of the wave
packets that are centered at r. (real space) and k. (momentum
space) can be described by the equations of motion [36,62]:
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FIG. 4. The drift of the center of mass Ax, = x.(t) — x.(t =0)
(in units of a,) as a function of t in the x direction are shown by
taking p = 0.0l(ayax)*'. The parameters for blue and red dashed
lines are the same as those in Fig. 3(a). Here the parameters for the
red transparent thick line are the same as the others color lines except
8;, where §, is 0 (0.32) for the red transparent thick line (the others
lines). It is clear that there is no drift of the center of mass Ax, for
8, = 0, even though there are two pairs of Dirac points (due to the
current cancellation from the two pairs). Thus this nonvanishing Ax,
feature may be taken as an experimental signature for topological
currents of dipolar parity anomaly.

Fe = Viek — Qiake — Qe + Eegr x 2. and k. = 0, where g
is the energy dispersion, and Qkx and Q¢ are (generalized)
Berry curvatures. Since the Berry curvatures are opposite near
a pair of Dirac points, the terms with respect to Qxx and Q¢
have vanishing total contributions in the real-space motion of
the atomic gas. Finally, the contribution from the term Eg¢ X
¢, as the topological response can be extracted (isolated) by
factoring out the effect of the group velocity Vieg in the
dynamics. This can be achieved by simply subtracting the
responses of two protocols with opposite E. (i.e., d;:b in
this case), similar to the differential measurements of atomic
center-of-mass shifts in Ref. [45].

V. DISCUSSION AND CONCLUSION

Before concluding, we note that the topological current
Jp is protected by the joint PT symmetry, which can also
be tested in experiments. If we add the P and/or T broken
perturbation term, such as H' = € sin(kya,) with a small value
€, Jp is not destroyed. If we add the PT-symmetry-broken
term, such as €o; in this system, the bands will be gapped and
then Jp will disappear.

In a realistic cold-atom system with an external harmonic
trap, one should consider the mixture of the propagating edge
modes and the bulk currents [63], if they have contributions
along the same axis. In our proposed cold-atom system, the
edge currents in the 2D system can only propagate along
the particular direction of an effective external force, but the
intrinsic pure topological currents in the bulk can be tuned to
be perpendicular and then be isolated from the edge currents.
For the case of a paired of Dirac points shown in Fig. 1,
the possible edge currents can only propagate in the metallic
edges along the y axis, while the topological currents in the
bulk are along the x axis. Furthermore, in the center-of-mass

measurements, the wave packet of an atomic gas can be pre-
pared in the center of the 2D optical lattice in the presence of
the harmonic trap, such that the edge effects can be neglected
in the dynamical response when the wave packet does not
reach the trap edge. As shown in Fig. 4, the length scale of
atomic drifts is about several lattice sites within the timescale
about 30 ms, which can be achieved in realistic experiments.

In summary, we have revealed an exotic kind of topo-
logical currents arising from the dipolar parity anomaly
in the presence of the spatiotemporally weak-dependent
energy-momentum separation of paired Dirac points in 2D
PT-symmetric semimetals. In particular, we have proposed
an experimentally feasible scheme to realize and detect this
kind of topological particle currents with ultracold atoms in
a 2D optical lattice. The present scheme is quite promising
for realizing the first experimental detection of topological
currents of dipolar parity anomaly.
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APPENDIX A: TOPOLOGICAL CURRENTS ARISING
FROM DIPOLAR PARITY ANOMALY

This topological current Jp can be caused by the action
S = ifdx%’””buavAp/Zn, where A, represents the corre-
sponding component of the electric-magnetic potential, and
€' is the antisymmetric tensor. The details of how to obtain
the topological current Jp are presented below. One may
start with the graphenelike effective Hamiltonian that reads
Hett = kyy* — buytts.

When the system is coupled with an external electromag-
netic filed A ,, the effective action Scfr can be written as

Sefr = Indet(ip — pr°). (A1)

Here, D is the gauge covariant derivative: D,, = 9,, +A,,, and
the symbol “/” denotes the inner product of the vector and the
Gamma matrices (namely, # = b, y*) in the (24-1) dimension
of space-time. We first regularize the effective action through
the Pauli-Villars method,

SR8 — trIn det(il) — pr° + mo), (A2)

where mo;, is the regularization mass term. After a straightfor-
ward expansion, we can obtain
1
Setr[A, M] = trIn(ig + mo) + tr[.—(‘y - WZ)]
iy + mo,
ot ) — pr)
i — W — Bt —— 4 — Pr?
2 |id + mo, ig + mo,
+ - (A3)
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Also, what concerns us is only the quadratic term. Ac-
cordingly, we restrict our attention to the terms b - IT - A and
A - I1 - b, which contribute to effective action equally. Since
only the vacuum polarization graph and the triangle graph are
ultraviolet divergent, the only term of concern should be the
third one, which is quadratic in the gauge field A. The third
term gives

_[ 2, v 4
Stop = @)y w(=p)II(P)A,(p), (A4)
and
d*p 1

v _ Vo
M) = 4me™po | S [+ 9 +ml@ + 1)

1 nvp
~ Esgn(m)e Dp- (AS5)
After a straightforward, but lengthy and tedious calculation,
the anisotropic term is finally obtained,

i 3 v
Siop = :l:g/d xe!Pb,0,A,. (A6)
Since the sign does no harm in the effective action, one arrives
at a compact form,
i

Siop = o f d*xe"""b,d,A,. (A7)
Let us consider the response under an external electromag-
netic field A. The response current of topological semimetals
can be easily obtained by taking the functional derivative of
the anisotropic Chern character term [as shown in Eq. (A7)]

with respect to the electromagnetic field A. Accordingly, one
finds

1) r
JH = mstop = gGM pavbp, (AS)
which implies
1 .
pp = —(V xb)-é, (A9)
2w
1
Jp = —(Vby — 9;b) x ¢, (A10)
2

where pp is the density and the corresponding current is Jp.
Here, the first term in Jp depends upon the spatial gradient
of difference in energy between two Dirac points, while the
second one depends on the time derivative of the span in
momentum space between two Dirac points. In particular, it
should be noted that there is no dependency on the original
gauge field A.

Meanwhile, as a comparison, one could evaluate the re-
sponse current of a single Dirac point coupled to an electro-
magnetic field in a similar manner. The functional derivative
of the Chern-Simons term yields

1) 1 F
JVh=—S8cs = —eP,A, = —, All
54,0 T o€ " (A1)
which implies
1 R B
p=:-(VxA)-2,=—, (A12)
2 2
1 1
J=—(VA)—9A)x ¢, = —Ex¢, (Al3)
2 2

where B and E denote the magnetic field (z component) and
electric field, respectively. The formulas above indicate that a
Chern-Simons term would induce a transverse conductivity in
even dimensions. In topological semimetals, as a consequence
of the emergence of the anisotropic Chern character term, a
sort of response, where the span of two Dirac points b,, play
the role of the gauge field, emerges, as shown in Eq. (A10).

APPENDIX B: THE ATOMIC SPIN-FLIP HOPPING
IN THE 2D OPTICAL RAMAN LATTICE

If we can realize the real-space Hamiltonian as

H = ity Z [&j+ex’¢&j,¢ + &L%lflm]
J

+ 8 Z [aj+ex,T&j~¢ - &;+e,x.l&jv7]

J

+ ity Z [&Lem&jw - &Le,,ﬁj,?]

J
—in(r) Y _da, + Y thal, 45, +He., (BD)
J J,o.m

where n = (ey, ¢y), 0 =1, | and A(1) = Qg cos (wT) + Qo
for periodical drive, then the nondimensionalized real-space
Hamiltonian H in Eq. (3) is realized by doing a transfor-
mation H/(2t,) — H with t, =1, = 1. The processes for
spin-flip hopping in the x (y) direction [the hopping process
from the lattice site x; (y;) to site x; £a, (y; £ ay)], the
radio-frequency field induced on-site spin-flip hopping, and
normal spin-independent hopping are presented in Fig. 5.
We only need to realize the processes (a)—(c) in cold-atom
systems; then the momentum space H (k) is simulated since
the processes of | <—1— | are only the Hermitian processes of
> ; (@) and (b).

The process (a) with §; = 0 requires that the Q¢ (x) satisfy
the constraint as VR(x, y) = —VE(x + a,, y). When we make
the Raman lattice length meet the condition af = 2a,, this
requirement can be satisfied, where a, is the lattice length of
trapping the optical lattice in the x direction. The process (b)
requires that the Q. (y) satisfy the constraint as VR(x, y) =
VR(x,y + ay). If the Raman lattice length a® is equal to a,, the
process (b) can be realized. If we can independently control
the Raman lattice and trapping lattice, respectively, we can
simulate this momentum space (k) by choosing Raman
potential VE(x, y) as

2
VER(x,y) = i{VORX cos <E> + VORy[COS (ﬂ> + 1] },
: ay i ay

(B2)

and trapping lattice potential VZ(x, y) as

vix, y) = VOLX cos? (E) + VOLV cos? (E> (B3)

: ay ay
Here the imaginary unit i in Eq. (B2) can be realized by
suitable tuning of the relative phase of the Raman frequency
€2, 25. From Eqgs. (B2) and (B3), we can easily obtain Raman
lattice length a® = 2a, (a® = a,) in the x (y) direction. In
order to realize the Raman potential easily, we can choose
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FIG. 5. (a)—(c) The cartoon pictures of the spin-flip hopping
along the x and y directions, the radio-frequency field induced on-
site spin-flip hopping, and the normal spin-independent hopping,
respectively, where x; (y;) denotes the lattice site along the x (y)
direction and a, (a,) denotes the lattice length along the x (y)
direction. fy, is the amplitude of normal spin-independent hopping
along the x direction (we do not show the y direction), and A is the
detuning of the |1) state and [|,).

a square lattice as the Raman potential, i.e., a, = 2a,. The
lattice site x; can be written as x; = (1/2+i)a, and Yy,
can be written as y; = (1/2+ j)a,. The Raman potential
VR(x,y) as a function of y and x is presented in Fig. 2(a).
When y = y;, this Raman potential VE(x,y) can easily meet
the request VR(x,y) = —VR®(x + a,, y) (green (red) rings in
Fig. 2(a) when we choose x = (x;—; +x;)/2 [x + a, = (x; +
Xi+1)/2]), which is the condition for realizing the process
(a) with §, = 0. Without loss of generality, we choose the
value of y approaching y; as an example to analyze how
can we realize the process (a) with nonzero §,. If y is
equal to y; £ §, process (a) with §; = 0 is not quantitatively
satisfied since the value of VR[x € (xi_1, x;),y = v £48] is
not strictly equal to —VX[x +a,,y = y; £8] when § # 0.
This small deviation of VE[x € (xi_1, X)),y = y; £ 6] with
—VRx+a,y= v; £ 8] has a significant contribution for
the realization of nonzero &;. On the other hand, approach-
ing the lattice x;, the Raman potential in the x direction is
antisymmetrical (cos [ (x; + 8)/a,] = — cos [ (x; — §)/a.]),
whereas the Wannier functions are symmetrical for x =
x; £, and thus the contribution of the Raman potential in
the y-direction hopping is zero. This means that the hop-
ping amplitude in the y direction is independent of the
site x;. The process (b) is always satisfied for all value of x
since the Raman potential satisfies VR(x, y) = VR(x,y + ay)
and the hopping amplitude in the y direction is independent

of site x;. Thus, if we can realize those specific Raman
and lattice potentials, which are presented in Egs. (B2) and
(B3), the real-space Hamiltonian H can be realized. In con-
sequence, it will cause the existence of these topological
currents of dipolar parity anomaly Jp in the 2D optical
lattice.

In order to calculate the hopping amplitude qualitatively,
we can use the harmonic approximation at the minimum trap-
ping potential point [64,65], and thus the Wannier function in
the x and y directions can be written as

1
~ LT\ 72 = (x—x)?
w(x—x,-): (Vol"x)??(a_)%) eXp |:—7 VOL’xa—)ZC N
(B4
and

1
i 2 2
Y e = =)
w(y —yi) = (Voljy) 8(;) exp [—_2 VoL,y 2 :|v

y y

(B5)
respectively, where V&x = Vi JES” is the dimensionless
optical lattice depth in units of E” and Ey =
K2 [ 2m(kejy = 27T [y, Ay = 20g = 4aty) is the
recoil energy. The spin-flip hopping term induced
by the Raman field takes the form ;) (.1 =
Jwie —r)VEx, y)w (r —rj)dr.  After some lengthy

but straightforward calculations, the explicit form of the
spin-flip hopping term in the x and y directions can be written
as t(l N = = +it, + i6; (for j =i+ 1) and t(”) an = = it,,
where =+ is corresponding to j =i+ 1 and j =i — 1. Here
the forms of #,, §;, and ¢, are written as

R VOI:X 1
ty = Vy, exp —— exp | — — ,  (B6)
4 VOL,x
R 7.[2 V VOI:X 1
& = Vp,y exp E— I —exp|— = , (B7)
v Voy
R VOI:y 1
ty = Vp,, exp T 1+exp| — = (B8)
v Vou

By taking the units of Vi, and Vi, we have V| = mV{} and
Vi, = IV, Moreover, the normal hopping ; ,, can read as
— Ex/y

)y = Y exp(—2/VE,).  (BY)

\/_ (VO x/y
which is the solution of the 1D Mathieu equation [61].

When t, = t,, the value of §,/t, is an important parameter
which impacts the value of topological current Jp. Thus, we
show f, =t and §, /1, as a function of / and m for given VOLx
in Figs. 6. From Fig. 6(a), the curve t, =1, changlng with
the value of V0 is not distinct. So, we chose Vo =5as an
example to show &, /1, as a function of / and m. From Figs. 6,
we easily know that §; /t, = 0.32 with 7, = ¢, can be realized
in the experiment. In order to clearly detect this topological
current Jp under current experimental conditions, we want
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FIG. 6. (a) The solid lines denote #, = ¢, and the dashed lines
denote the 8, = 0.32f,, which have been chosen to calculate the
topological current Jp and the corresponding drifting of center mass
X¢; the orange, red, black, blue, and magenta lines denote the values
of trapping potential flzfx =4,5, 6, 7, 8, respectively. (b) §,/t, as a
function of m and [ with V', = 5.

to observe the maximum drifting of the center mass x'**
within the coherent time 7.,,. This means that the measuring
time 7 ~ 31.47y, which is the time for the center of mass
moving from |x.|™" to |x.|™*, must be smaller than .., ~
100 ms. In Fig. 7, we show the range of possible values of

trapping potential f/';fx and Raman potential ‘701; for 8’Rb [see

Fig. 7(a)] and 2Na [see Fig. 7(b)] atom systems, in which the
measuring time t is smaller than the coherent time .., and the

ta) 87Rb'-

45 50 55 60 65 70 75 8.0

FIG. 7. t, as a function of trapping potential \Z,’jx and Raman
potential V¥, takes the unit of kHz for (a) ’Rb and (b) **Na. In
these regions, the maximum drifting of the center of mass Ax,,
which is presented in Fig. 4, will be observed within the coherent
time T.n. The trapping laser wavelength is A = 790.1 nm and recoil
energy is Ej = (k,)*h*/(2M) (Ef = h x 27 x 3.68 kHz for Rb
and Ef = /i x 2w x 13.9 kHz for 87Rb), where k, = 27 /A is the
recoil momentum [66].

drifting of the center of mass Ax, is largest. Furthermore, if
p < 0.02(axay)’1, Ax, can be detected for both cases (having
one or two pairs of Dirac points), where the the measurement
accuracy of Ax, is about a,. For the case of p = 0.01 (axay)_l,
if the parameters of the systems are chosen with the same
value of the parameters as the blue dashed line presented in
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FIG. 8. The sketch of the solution of Egs. (C2) and (C3).

Fig. 4, the experimenters can verify the Jp existence within
a very short time, Ty, = 27 (within 27, the corresponding
Ax. = a,). The range of possible values of the Raman po-
tential V¥, (V. > 0.18 for ¥Rb and V. > 0.05 for **Na)
for ’Rb and 2Na atom systems is dramatically expanded, in
which the experimenters can verify the Jp existence with the
corresponding measuring time Tyin < Teoh-

APPENDIX C: TUNING THE NUMBER
OF PAIRS OF DIRAC POINTS

For momentum-space Hamiltonian

H(k) = sin (kyay)6x + [A(T) — & cos (kcay)

— cos (kyay) 16, + f(K)é0, (C1)
the Dirac points can be obtained by the solution of the equa-
tions sin (kya,) =0 and A(t) — §; cos (kya,) — cos (kya,) =
0. It is easy to know the solutions in the k, direction, which
can be written as k? = 0, 7, and the k, direction solutions kyD

must satisfy the equations
—-1<AMr)-46 <1 (2)
and
1<) +46 <1, (C3)

with §; > 0, 1 > §,. It is found that the solution of Eq. (C2) is

—(1=8)<rr)< 144, (C4)
and the solution of Eq. (C3) is
—(1+8)<Ar)< 14 (C5)

There are four different cases, which are presented at
follows: in the first case A(t) > 14+ 6; or A(t) < —(1 4+ &)
(see the region of the black lines in Fig. 8), there are no Dirac
points in system. In the second case (1 —§;) < A(t) < (1 +
;) (see the region of the cyan line in Fig. 8), there is only one
pair of Dirac points, which is denoted as kp | = (0, £k, ;). In
the third case —(1 — §;) < A(7) < (1 — §;) (see the region of
the green dashed line in Fig. 8), there are two pairs of Dirac
points, which are denoted as ki, = (0, £k, ) and k3, =
(70, Tky2). In the fourth case —(1 +8,) < A(t) < —(1 —§&;)
(see the region of the purple line in Fig. 8), there is only one
pair of Dirac points, which is denoted as kp > = (7, k).
Thus, the number of pairs of Dirac points can be regulated by
changing the value of A(t). In Figs. 3(b) and 3(c), we choose
two typical points, §, = 0.32, and A(7) = 1.2 or A(t) = 0.48,
as two examples to reveal this characteristic.
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