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The surface Fermi arc, as a hallmark of Weyl semimetals (WSMs), has been well known in current research,
but it remains a challenge to unveil novel phenomena associated with the Fermi arc. Here, in WSMs, namely,
the photoinduced transition between the bulk states and the Fermi arc. We find this process is significant and can
lead to a large effective three-dimensional shift current on the boundaries with the Fermi arc in wide terahertz
range. Moreover, due to the low symmetry of the boundaries, the surface photogalvanic effect predicted here
can appear in a large class of WSMs that can not have bulk shift current. Hence, our work not only unveils a
hidden photogalvanic effect in WSMs but also suggests that all the WSMs are promising material candidates for

developing efficient terahertz photodetectors.
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I. INTRODUCTION

The photogalvanic effect refers to the generation of dc
electric current in a material illuminated by light [1]. It has
been attracting intensive interest in condensed matter physics,
due to the promising application on photodetectors and so-
lar cells beyond pn junction structure [2—12]. In addition to
technological application, the photogalvanic effect also pro-
vides a basic mechanism to probe various geometric quantities
of systems, such as Berry curvature, quantum metric, and
Christoffel symbols [13-21,21,22].

Generally, the dominant dc response of materials under
a monochromatic light characterized by A(t) = A(w)e ™' +
c.c. is quadratic. As a representative photogalvanic effect, the
linear shift current can be expressed as [13,23]

J* = ol (@)EP(0)E  (—w), (1

with oy, the third-rank shift conductivity tensor and E(w) =
iwA(w). Here, we have adopted the Einstein summation con-
vention and the letters a, b, ... denote Cartesian indexes.
Clearly, the tensor o, is constrained by the (magnetic) point
group of the systems. For example, when the system has spa-
tial inversion symmetry P, o, should vanish, as both j and E
change sign under P. Hence, the studies of shift current effect
generally focus on noncentrosymmetric materials [24,25].
Many efforts have been devoted to searching for mate-
rial candidates with significant shift current effect [26]. For
example, Cook er al. [27] and Rangel er al. [28] showed
that the semiconductors with semi-Dirac-type dispersion like
single-layer monochalcogenides can exhibit large shift cur-
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rent, which is comparable to conventional solar cells based
on pn junction.

Currently, the study has been focusing on topological
WSMs [29-43]. In WSMs, the conduction band and the
valence band form Weyl points in the bulk, around which
all the geometric quantities become divergent [44]. Hence,
the WSMs are expected to exhibit large shift current in
low-energy frequency and then are considered as promising
materials for designing terahertz photodetectors [25]. How-
ever, to generate large shift current in bulk, one has to break P
symmetry, tilt the Weyl spectra, and tune the Fermi level near
Weyl points [32]. Consequently, a large class of WSMs, such
as centrosymmetric WSMs and Kramers-WSMs [45,46] are
forbidden by symmetries to have net bulk shift current. This
poses outstanding restrictions for the exploration of terahertz
photodetectors.

Surface Fermi arc state is another interesting property of
topological WSMs [47,48]. A few previous works also studied
the surface photogalvanic effect in the WSMs [49-51]. How-
ever, the photogalvanic effect there are negligible in terahertz
range.

In this work, we show that large surface shift current can
be generated in terahertz range by process, namely, the pho-
toinduced transition between bulk states and the surface Fermi
arc in WSMs, termed as bulk-Fermi-arc transition here. A key
observation is that the surface Fermi arc is always attached
to bulk Weyl cones [47], indicating a gapless feature of the
Fermi arc. Moreover, there exists sizable overlap between the
bulk states and the part of the Fermi arc attached to the bulk,
as illustrated in Fig. 1(a). Hence, considerable bulk-Fermi-arc
transition should widely occur in WSMs [52-54]. Besides,
bulk-surface-state transition can also happen in topological
insulators with certain surface doping [55-57].

We first establish a local second-order response formula
of the shift conductivities, and then use it to study the sur-
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FIG. 1. Three typical band structures. (a) Weyl semimetal with
surface Fermi arc. (b) Trivial insulator and (c) topological insulator
with topological surface state. The blue surfaces denote bulk bands.
The surface states in (a) and (c) are attached to the bulk bands. The
color map in surface states indicates the weight of projection onto
one surface. Considerable transition between bulk and surface states
widely appears in (a), while cannot happen for (b), and happen in
(c) for certain doping.

face shift current of a centrosymmetric WSM with two Weyl
points. In this WSM model, both the bulk shift current and the
surface shift current, solely from the surface Fermi arc, are
zero. Surprisingly, we find that significant surface shift current
effect still occurs, and only occurs on the boundaries with
Fermi arc, indicating that this considerable large shift cur-
rent is induced by the bulk-Fermi-arc transition. Particularly,
the absolute value of the effective surface shift conductiv-
ities induced by the bulk-Fermi-arc transition can exceed
100 ©A/V? in a wide terahertz range for different Fermi
energy. Such large shift current is comparable with that in
the single-layer monochalcogenides [28] and the bulk shift
current in the previously studied topological semimetals [38].
More importantly, due to the low symmetry on the boundary,
the surface shift current effect predicted here generally would
appear in all kinds of the WSMs, including a large class of
WSMs that do not have net shift current in bulk. Thus, by
unveiling a hidden photogalvanic effect in WSMs, our work
proposes a promising route to design terahertz photodetectors,
which not only takes the advantage of the gapless feature
of the Fermi arc [58], but also effectively circumvents the
restrictions imposed by the bulk symmetries of the WSMs.

II. LOCAL PHOTOCURRENT RESPONSE

We first establish a general formula to describe the local
photocurrent response in the independent particle approxima-
tion. The space dependent current operator generally can be
written as [59]

Jr) = —— Z ve, pdldy + He., 2)

;w r

which counts all of the currents flowing from r’ to r. Here, V is
the volume of system, e denotes the charge carried by an elec-
tron, d,, (d,,) creates (annihilates) a localized Wannier state
1 .

w,,r at r with basis orbit u, and vl" - ﬁ(w;ﬂ — 10, wyp)
with m the electronic mass. The elgenstates are constructed
from the Wannier states by ¢/ = > ur U, nd with n a com-
bined index denoting energy band and momentum (if the
system has translation symmetry), it then follows

Jr) = —— Z VO Cus 3)

where vy . is the local velocity operator matrix, defined as

v, = % > U Ve Usrn + Hee. )
no,r

Here, we focus on the surface shift conductivities induced
by a linearly polarized light. Consider a slab model with
y-direction being confined (y € [—%, £]) and assuming the
model is illuminated by a monochromatic light of frequency
w. The applied light (electric) field is introduced into the
Hamiltonian by velocity-gauge approach, H' = — [ drJ(r) -
A(r, t). According to the standard perturbation procedure, the

local shift conductivity can be established as [60]
7'[6‘3 dk.dk, S

2La)2 m)? Z Z

V.Y l#Fmunte Eim

op(w;y) =

hw),
(5)

where f,; = f, — f; and g}, = €; — ¢&,, are the occupation and
the energy differences between the states involved in the op-
tical transition, f, is the Fermi-Dirac distribution. Clearly, the
shift current effect is a interband effect, as Eq. (5) has the form
of Fermi golden rule.

There are several remarks for the bulk-Fermi-arc transition
based on Eq. (5). (i) For the WSMs with one Fermi arc on
one certain boundary, the shift current effect involving the
Fermi arc must be induced by bulk-Fermi-arc transition. (ii)
Since the Fermi arc can have sizable overlap between the bulk
states, vy, .y, and then o, (w; £L/2), generally are finite
for bulk-Fermi-arc trans1t10n (iii) Particularly, the gapless
feature of the Fermi arc guarantees that the bulk-Fermi-arc
transition induced shift conductivities would be significantly
enhanced in (and only in) terahertz range. Moreover, the en-
hanced surface shift conductivities only respect the magnetic
point group symmetries of the corresponding boundary, rather
than the symmetries of bulk.

For top surface, the effective three-dimensional (3D) shift
conductivity may be defined as

a b c c
lem’y(vmnyy,vnl’y,, + vmn’y,,vnl'y,)S(eln —

1 L2
Ep(w) = 7/L/z ldy op(@3y), (6)

where | < L. The conductivity for bottom surface can be
similarly defined. While X} (@) generally depends on both
L and [ [61], its qualitative behaviors would be robust against
the choice of L and /.

III. WEYL MODEL

We take a simple WSM model to demonstrate that the bulk-
Fermi-arc transition can generate large optical responses. The
WSM model contains only two Weyl points (without energy
tilt) at the Fermi level. The essential physics learned here
applies to general WSMs and other topological semimetals
with robust surface Fermi arc. We also assume the system has
P symmetry to exclude the bulk photocurrent. This indicates
the WSM model has to break time-reversal symmetry (7).
Since there exists (at most) only one surface Fermi arc on each
boundary of system, the surface shift conductivity solely from
the Fermi arc would be zero.
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FIG. 2. (a) Band structure of the model (7) at k, = O plane (blue
surfaces), together with the surface Fermi arc at (010) surface (red
surface). Green plane denotes Fermi level. (b), (c) show the local shift
conductivity o (w;y) and o7 (w;y) for the (010) slab, where signif-
icant surface enhancement can be observed. We set Er = —0.1eV
in (b), Er = —0.2¢eV in (c). (d) shows the two surface shift conduc-
tivities which are obtained from (b) and (¢) with [ =4 L,. (e), (f)
The distribution of ¥f (@) and %} () in the (010) surface BZ. We
set Ep = —0.1eV and how = 0. 12 eV in (e), and Er = —0.2eV and
hiw = 0.08 eV in (f). The sharp cutoff in (e), (f) and Fig. 5(b) are due
to the abrupt change in Fermi-Dirac distribution at zero temperature.

The WSM model is defined on a cubic lattice

Hw (k) = [A +ti(cosk, + cos ky) 4 1, cos k;]o;,

+83(sin ko, + sink,o,), (7)

where o;’s are the Pauli matrices, t; =t = 1.0eV, t; =
0.25eV, and A = Ag—2t; —t, with Ay =0.5eV. The
model (7) has only two Weyl points with Chern number
C = =1 on the k; axis at kzi = £ arccos(2Aq/t;). In the bulk,
the symmetries of the lattice model are generated by P sym-
metry, a mirror M, a fourfold rotation C4, and a combined
operator C,,7, which, respectively, can be represented as
P =0, M, =ioy, Cy; = 2% and Cy, T = K with oy the
two-dimensional identity matrix.

The calculated band structure from Eq. (7) is plotted in
Fig. 2(a) together with the surface Fermi arc on the (010)
surface. Two Weyl cones residing at kziﬁ points are observed.
They are connected to each other at higher (lower) energy,
forming a saddle surface around the k, axis. The surface
Fermi arc is attached to the two Weyl cones at low energy,
and merges into the bulk saddle surface at higher (lower)
energy. Hence, there exists a critical line in WSMs [58] which
separates the surface Fermi arc states from the bulk states [see
Fig. 2(a)]. Only around the critical line, the bulk-Fermi-arc

transitions would be significant. Moreover, since the critical
line has an energy variation [see Fig. 2(a)], the bulk-Fermi-arc
transitions will occur around different regions for different
Fermi energy.

IV. SURFACE SHIFT CURRENT

We first study the shift current on the (010) surface of
the lattice model (7). Following calculations are performed at
zero temperature. The nonzero components of the surface shift
conductivity tensors are determined by the magnetic point
group of the (010) surface, which are generated by M, and
Co,T. Then the shift conductivity tensors, that are odd under
the mirror M., namely, ny aw, Lo ayzy, o%, Ujv, o, and afz
vanish. Similarly, o}, o7\, 0%, and o, are excluded by Cp, 7.

Thus, there are only fouyr\ syrzrzlmetry allowed tensors, and two
of them are independent, which are o, = o7, and o, = o7,.

Using formula (5), we calculate the local Shlft conduct1v1—
t1es crzy(a), y) and oxy(w, y) for a (010) slab with a thickness of

= 101 L,. Here, L; is the thickness of a unit cell. We find that

(a) y) [o3,(w;y)] is large when the Fermi level is close to
(away from) the Weyl point [60]. Figure 2(b) shows the results
of o} (a) y) for Er = —0.1 eV, and Fig. 2(c) shows the results
of o7 (a) y) for Er = —0.2 eV. Both o7}, (a) y) and aﬂ(a) y)
are ﬁnite for a generic layer of the slab This is because the
slab studied here is not thick enough. Surprisingly, the two
conductivities feature strong surface-enhancing behavior in
low frequency regions, leading to significant photogalvanic
effect on the (010) surface.

For clarity, we calculate the effective 3D shift conduc-
tivities on the (010) surface: X7 (a)) and X (w) with [ =
4L, and find that these two conduct1v1t1es can be larger
than 100 #A/V? in a wide frequency range, as shown in
Fig. 2(d). Such large surface shift conductivities, to our best
knowledge, has never been reported before. Moreover, the
peak of both X7 (a)) and X (a)) appear around terahertz
range (hw ~ 100 meV) Thus the surface photogalvanic ef-
fect predicted here can be used to design efficient terahertz
photodetectors.

As discussed above, such large surface optical responses
in terahertz range should be caused by the bulk-Fermi-arc
transition. To further demonstrate it, we calculate the distri-
bution of the effective conductivities Eg,(w) and Z;‘y(w) in
the 2D Brillouin zone (BZ) of the (010) slab. The results are
shown in Figs. 2(e) and 2(f). Interestingly, the distribution for
both conductivities concentrates around the critical line, di-
rectly showing that the bulk-Fermi-arc transitions can induce
significant enhancement of the surface shift conductivities.
Moreover, as a nature feature, the bulk-Fermi-arc transition
induced enhancement only appears in terahertz range [60].
From Figs. 2(e) and 2(f), one finds that the large contribution
for 2% (w) comes from the transition between the two Weyl
pomts and the Fermi arc, while for X7 (w) it is from the tran-
sition between the saddle surface and the arc. Both transitions
are bulk-Fermi-arc transitions but occur at two different parts
of the critical line. This difference will lead to completely
different behaviors of X? (w) and X} (a))

When the Fermi level exactly locates at Weyl points
Er = 0, the model (7) has an emergent particle-hole symme-
try C = 0, with CHw(k)C~!' = —Hw(—k); in such a case,
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FIG. 3. The (010) surface shift conductivities (a) =5 and (b) =y
of the Weyl model (7) versus the Fermi level. When 7w becomes
large, the effect of the bulk-Fermi-arc transition would be strongly
suppressed.

all the shift conductivities would vanish, as the particle-hole
symmetry reverses the direction of the photocurrent [20].

Deviating from the neutral filling point, the absolute value
of X% (w) will increase rapidly [see Fig. 3(a)], as the transition
between the two Weyl points and the attached Fermi arc will
occur. In contrast, the transition between the saddle surface
and the Fermi arc near k, axis are absent when Er is small,
and appears only when the Fermi level approaches the bulk
saddle surface [see Fig. 2(a)]. Hence, X7} (a)) will still be
almost vanishing for |Er| < 0.1eV, and becomes large when
|Er| >~ 0.2eV [see Fig. 3(b)]. We also calculate the EZ (w)
and X7 (w) for higher frequency of light /iw = 0.3 eV, and
find both conductivities are negligible (see Fig. 3), consistent
with the feature of the Bulk-Fermi-arc transitions.

For comparison, we then study the local shift conductiv-
ities on the (001) surface of the WSM model (7) under the
same parameters. For (001) surface, only one shift current
conductivity o7, (w;z) is independent [60]. Unlike the (010)
surface, the (001) surface does not have a Fermi arc because
the two Weyl points are projected to the same point in the
2D BZ of the (001) surface [see Fig. 4(a)]. We find that for
different /iw and EF, the o7, (w; z) does not feature significant
surface-enhancing behavior, and the obtained effective shift
conductivity on (001) surface [} (w;z)] is much smaller
than that on (010) surface, as shown in Figs. 4(b) and 4(c).
These results unambiguously demonstrates that the significant
surface photogalvanic effect in WSMs can be induced by the
bulk-Fermi-arc transition.
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FIG. 4. (a) Surface spectra on (001) surface of the lattice
model (7). (b) The local shift conductivity o7 (w;z) for the (001)
slab. In (a) and (b), we set Er = —0.1¢eV. (c) The (001) surface shift
conductivity versus the Fermi level.
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FIG. 5. (a) The local shift conductivity o, (w;y) for the (010)
slab of the Dirac model (8). (b) shows the dlstrlbutlon of %% (w)
in the (010) surface BZ. We set ¢y = ¢, =0.1eV, Er = —0.1eV in
(a) and (b), and set /iw = 0.12eV in (b).

V. DISCUSSIONS

Here, we demonstrate that the bulk-Fermi-arc transition
can induce large surface photovoltaic effect in WSMs. Ac-
tually, this effect may exist in all the topological semimetals
with surface Fermi arc. As an example, we consider a Dirac
semimetal. Generally, the surface state of a Dirac semimetal
is topologically trivial [62], but under suitable boundary con-
ditions, it can be gapless and contains two Fermi arc surface
states [63,64]. The Dirac Hamiltonian may be written as

Hwk) hi+h
Hp(k) = [T o } ®)
B+ h H(—k)
where hy = —2c(cosk, — cosk,)sink,oy, hy, =

—icy sink, sink, sin k;0y, and Hw(k) is defined in Eq. (7).
This model has P and 7 symmetry, and gives a pair of Dirac
points at k, axis. There exist two Fermi arcs on the (010)
surface, which, respectively, occupy different parts of the
(010) surface BZ [60]. Thus, for model (8), the shift current,
solely from both the bulk and the surface Fermi arcs, vanish.
The symmetry allowed independent tensors on the (010)
surface are o7} &= o) and 0,) y [60].

The calculated results of o S(@1y) for the (010) slab of the
Dirac model (8) are given in Flg 5. Similar to the cases in
WSM (7), 65, (w; y) here also exhibits strong surface enhance-
ment and the distribution for EZ (w) mainly concentrates
around the critical line, which, here separate the two Fermi
arc states and the bulk states. The results for o (w;y) are simi-
lar [60]. These calculations show the bulk-Fermi-arc transition
indeed can generate significant surface photovoltaic effects in
Dirac semimetals.

The experimental detection of the surface shift current
effect has been well developed [39,65], and many mate-
rials are experimentally confirmed as topological (Weyl)
semimetals [66—73]. Particularly, Rees et al. [50] experi-
mentally measured the surface photogalvanic effect in RhSi
with the incident photon energy ranging from 0.45 eV to
1.1 eV, and the results are well consistent with the theo-
retical predictions [49]. Hence, in a similar setup but with
lower photon energy, the novel effect predicted here should be
probed.
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