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Shift charge and spin photocurrents in Dirac surface states of topological insulator
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The generation of photocurrent in condensed matter is of main interest for photovoltaic and optoelectronic

applications. Shift current, a nonlinear photoresponse, has attracted recent intensive attention as a dominant player
of bulk photovoltaic effect in ferroelectric materials. In three-dimensional topological insulators Bi, X5 (X = Te,
Se), we find that Dirac surface states with a hexagonal warping term support shift current by linearly polarized
light. Moreover, we study “shift spin current” that arises in Dirac surface states by introducing time-reversal
symmetry breaking perturbation. The estimate for the magnitudes of the shift charge and spin current densities
are 0.13/; and 0.40/, (nA/m) for Bi,Te; with the intensity of light /, measured in (W/m?), respectively, which
can offer a useful method to generate these currents efficiently.
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Introduction and background. Interaction of light with
topological matters has drawn keen attention in the condensed
matter community. Not only the characterization of topological
matter has been done by light-assisted experimental tools that
probe electronic bands [1-3] and its spin textures [4,5], optical
conductivities, Kerr rotation [6-10], Faraday effect [8—11],
etc., but also light plays active roles to dynamically induce
topological phase transitions [ 12—18] and generates a new type
of topological excitations [19-21].

Among them, photocurrent generation in condensed mat-
ters is an active research field closely related to light-harvesting
energy research [22-26] and optoelectronic device applica-
tions [27-32]. In particular, shift current is the nonlinear
optical responses, where the dc current is produced by light
irradiation without the external electric field or potential
gradient, whose direction is determined by the crystal structure
or the direction of the electric polarization. The shift current
is considered to play a dominant role in bulk photovoltaic
effect of ferroelectric materials including hybrid perovskite
materials [23,24]. Further optimal engineering of materials
that support shift current is investigated [32] to enhance
photovoltaic efficiency.

The shift current has a geometrical origin that is described
by the Berry phase connection a, (k) of Bloch wave functions
(n: band index; k: crystal momentum), and is nonvanishing
only in noncentrosymmetric crystals. Namely, the real space
position r, of the wave packet made from the Bloch wave
functions of band »n is given by the expression

.0
r, =1ﬁ + a, (k). (1)

The first term comes from the canonical conjugate relation
between the real space coordinate r and the wave vector k,
and the second term named “‘intracell coordinates” originates
from the constraint that the wave functions are confined in
a manifold, i.e., subset of the Hilbert space spanned by the
Bloch states of band n [33,34]. The covariant derivative with
the “connection” a,, (k) is the physical operator for this curved
manifold. From the symmetry point of view, Berry phase
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is allowed in noncentrosymmetric systems when the time-
reversal symmetry is not broken. This is because the Berry
curvature b, (k) = V; x a, (k) satisfies b,(k) = —b,,(—k) due
to the time-reversal symmetry 7. The inversion symmetry Z
further gives the constraint b, (k) = —b,(k), which concludes
b, (k) = 0 and one can choose the gauge a,,(k) = 0. Therefore,
it is essential to break either 7 or Z for the nonzero a, (k). As
the Berry connection is “intracell coordinates,” it is related to
the electric polarization P in ferroelectrics [35,36]. Also, the
difference between a,_.(k) and a,_,(k) represents the shift
in the intracell coordinates of electrons accompanied with the
optical transitions from the valence band v to the conduction
band ¢ as schematically shown in Fig. 1. Under steady optical
pumping, the constantly induced shift described above results
in the dc current, which is the shift current. Furthermore, when
the shift differs between the up and down spins, the shift spin
current is induced as shown in Fig. 1(c).

Topological surface states are good candidates to support
shift currents as the inversion symmetry Z is always broken
at the surface of materials. We show in this paper that
linearly polarized light can generate shift currents on warped
topological surface states [37,38] in Bi, X3-type topological
insulators. Here the warping term breaks the mirror symmetry
in one direction, and this determines unique combination
of current and electric field directions to have nonzero
shift currents. Furthermore, in this paper we introduce a
new notion of “the shift spin current,” which is also of
geometrical origin described by Berry phase connection. As
for the surface states of topological insulators, we propose
that pure shift spin current (without shift charge current)
is induced by breaking the time-reversal symmetry 7 with
magnetic doping. Shift charge and spin current production
on Dirac surface states discussed here will give a basis
for optoelectronic and optospintronic devices by topological
insulators.

Model and formalism for shift charge and spin currents. The
shift current can be understood in several ways as explained
below. Sipe and Shkrebtii [39] studied the photocurrent J3"" =

> i—«.y Xi' E; E; by using the standard perturbation theory. In
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FIG. 1. Generation of shift charge current and shift spin current
are pictorially described. (a) An electronic excitation induced by
light from valence band to conduction band is schematically shown.
(b) When the center of charge of Bloch state is shifted upon interband
transition, from the green to the red wave packet, the shift charge
current is generated. (c) Two wave packets consisting of opposite
spins can exhibit different shifts upon optical transition, which results
in the shift spin current.

the case of a linearly polarized light, they obtained a compact
formula given by
7 d‘k

== ——08(Wey —

J Q) Q)}vic|2(akj‘p£v + a({ - az{)’

@

where i and j are Cartesian coordinates, and Berry connection
al = —i(YelOk, ¥e) and a) = —i (Y| Ok, Vo) for conduction
and valence band respectively. The contributions are from
the states satisfying the resonant condition: w., — Q2 = €, —
€, — Q. The bracket on the right side is called a shift vector
as the Berry connection @ indicates a shifting in real space
of conduction band Bloch wave function along j,; direction.
(aC - av) is a difference of shifting between conduction and
valence band as discussed for Fig. 1, and 3, ¢}, maintains the
gauge invariance.

An alternative derivation of the photocurrent expression
was obtained by two of the authors previously [40,41] by
using Floquet formalism with Keldysh Green’s function. They
rederived the second-order photocurrents in an easier manner
compared to previous approaches [39,42,43], which we briefly
review to facilitate understanding of the following discussions.
First we consider, for simplicity, a two-band system under
a periodic time-dependent electric field with frequency €2,
E(t) = —0,A(t) = —iQ(Ae"" + c.c.). Treating the external
field classically, we can write a Floquet Hamiltonian in
the basis of valence and conduction bands [12,14,40,44]
(hereafter, h = 1 and e = 1 is used):

[ &+ Q PiA* vy,
HF_(_I.A,M ). 3)

where we concentrate on one valence band with a sin-
gle photon absorbed and one conduction band. €., are
eigenvalues of original Hamiltonian H. Two bands in the
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Floquet Hamiltonian are coupled by time-dependent terms,
(uy]+ fOT H(k — A*(t))e’¥dt|u.). By taking the linear order
of external field only, the coupling can be expressed in
terms of Fermi velocity: iA* - v, =i ) ; Ajv,{c. with v,{c =

(Y|, H|Ye) = |vi.|e!®". By the proper transformation, the
monochromatic time dependence of the off-diagonal matrix
elements is eliminated and instead the shift of the energy by €2
appears in the diagonal component in Eq. (3) [12,14,44]. By
using this Floquet Hamiltonian, the current in the steady state
(shift current) is written as

dk .
Jj = Wlm[a(ww — QA" vy) (A 0),, ] @
with the vector potential A of electromagnetic field and
(A- 3,0 ZA el V' ). (5)

Provided that [40] (8kjvi)c,j = 0, vév — (8kjuc|vi|uv) —
(uc|vi|8kjuv), one can recover the shift current expression
found by Sipe and Shkrebtii [39] in terms of Berry connections.
Expressed in terms of v}, and (,v')cy, Eq. (4) just looks
like a correlation function between paramagnetic current
and diamagnetic current. A Kubo conductivity in the linear
response theory is obtained by taking a correlation function

between two paramagnetic currents, ji,., = W|

—v’. Equation (4) is also a current-current correlation functlon.
Since a diamagnetic current contains the vector potential

) _ Hk—AQ®)
as -]j dia = T 9A0A; |

is proportional to the square of electric field. Namely, the
susceptibility of current J; =), x” E;E; in Eq. (4) can be
computed by the one—loop integratlon similar to the linear
response function. (See Supplemental Material S1 [45] for
details.) Note that Eq. (4) does not contain the dissipation
due to the coupling to other degrees of freedom or the
electron-electron scattering. These effects can be treated by
the self-energy of Keldysh Green’s function, and does not
change the results essentially when the spectrum of incident
light has a width larger than the relaxation rate. (See Ref. [40]
for more details.)

Lastly, we introduce a shift spin current, which is an
extension of a shift charge current discussed so far. In a similar
manner to the shift of charge center upon optical transition,
one can also think of the shifting of spin center that leads
to a shift spin current as shown in Fig. 1(c). This can be
most conveniently obtained by generalizing the formula for
the shift charge current in Eq. (4), where the diamagnetic
current is replaced by the diamagnetic spin current, i.e.,
the anticommutator between diamagnetic current and spin
operator §, = 0,/2 for o component. (See Supplemental
Material S1 [45] for details.) Young and Rappe [46] first
discussed the spin bulk-photovoltaic effect in antiferromagnets
by computing shift current for spin up and spin down,
independently. Our formalism is applicable to more general
cases with spin orbit couplings.

In the following, we show that the breaking of the inversion
symmetry Z is required to have a shift charge current, and
the breaking of the time-reversal symmetry 7 is additionally
required to have a shift spin current. To demonstrate, we

= (0k,v")Ay, the photocurrent J
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consider two examples in 3d topological insulators: warped
Dirac surface states that carry shift charge currents, and
massive Dirac surface states with band-bending that carry shift
spin currents.

Shift charge current in Dirac surface states of topological
insulators. A system with the inversion symmetry supports a
zero shift current. We first review this fact. This is intuitively
understood, because a state |k) and its inversion symmetric
partner Z|k) will be shifted in opposite direction after being
excited to a conduction band. (More formal discussion is
given in Supplemental Material S2 [45].) Note that, since
the spin is invariant under the inversion symmetry operation,
7 :8, — 84, the susceptibility of shift spin current is also
exactly canceled between inversion symmetry partners.

Now we study Dirac surface states in 3d topological
insulators that are localized near open surfaces. Its low energy
effective Hamiltonian is Hy = —vrky0, + vrk,o,, for which
the inversion symmetry is absent. But, Hy(k — A(t)) does not
contain diamagnetic terms (~A;A;), hence no shift current.
Instead, we find that shift charge currents are nonzero by
including warping effects which is allowed with C3, crystalline
symmetry and is found to be present in 3d topological
insulators of Bi, X3 (where X = Te, Se) type [37]. The warped
Dirac surface state Hamiltonian is [38]

H = —vpkyo, + vpkyoy + A(k] — 3kck})o,.  (6)

The energy dispersion of Eq. (6) is shown in Fig. 2(a), where
the light with frequency 2 induces transition between the
lower and upper branches satisfying the energy conservation.
This Hamiltonian is mirror symmetric along x, but not
along y. As a result, the susceptibility in_z (j,i,l = x,y) can
be nonzero when the index y appears the odd number of
times so that its mirror symmetric partner does not cancel
the shift current. Indeed, a straightforward calculation of
current-current correlation function shows that nonzero com-
ponents are (see Supplemental Material S4 [45]) xy* = X =
—x = %.Figures 2(b), 2(c), and 2(d) show the momentum
distributions of the matrix elements appearing in the integrals
for the y component of the shift current for the incident
light polarized along y direction. For a linearly polarized
light E(t) = Eg(cos ¢ + sin ) cos Qt = Epx’ cos Qt inthe
general direction, an induced shift current is

3 oo . . .
Jwarp = —@[Eiy — EI9 — ELE,% — EyE, %]
3LE] . y Ny
= Top2 SinGO)T + cose)y'l, @)
VFp

where £ and § are unit vectors corresponding to the crystal
axes, and X’ and ¥’ are those for the coordinates where £ is
along the applied electric field. It is clear in this coordinate
that the shift current is in accordance with Cs, crystalline
symmetry. Interestingly, the shift charge photocurrent found
here is photon-frequency independent. This is remarkable
since the effect of warping is expected to be reduced as the
frequency €2 approaches to zero because the corresponding
wave number k becomes small and higher order warping
term becomes irrelevant. The derivative with respect to k
in the expression of the shift current enhances the effect of
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FIG. 2. Warped Dirac surface state carries the shift charge
current. The Fermi velocity vy = 2.5587(eV A) and the warping
strength & = 250(eV AS) are used [38]. We show the matrix elements
that contribute to the nonlinear susceptibility x;”. (a) The energy
dispersion is drawn with electronic states satisfying the resonant
condition, €. — €, = €2, in distinct colors. (b) The coupling strength
of Bloch states in the resonant condition to diamagnetic current
response, |(0k, v”")cyl, is shown in color. (c) The coupling strength
of Bloch states in the resonant condition to a linearly polarized light,
[(vY)yel, is shown in color. (d) The contribution of Bloch states to the
shift charge current, |(v” )Uc(ak}, vY)¢y |, 18 shown in color.

the warping term, and results in the frequency independent
contribution.

We give an estimate of the shift current in Dirac surface
states with warping effect by using the microscopic parameter
obtained from experiments [38,47,48]. The estimate is given
by Jwap = 191y — 1301p(pA/m), where Iy is the intensity
of light in the unit of (W/m?) (see Supplemental Material
S6 [45].) In recent experiments [49-51], photocurrents are
measured in Dirac surface states using oblique incident light,
which effectively breaks the in-plane rotational symmetry.
Assuming the sample size of 1(mm?), the photocurrent density
is of the order of 1/y(pA/m). Compared to this value, the shift
current is expected to be two orders of magnitude larger and
should be feasible to measure experimentally.

Theoretical proposals and recent experiments on photocur-
rent generation in topological insulators are all based on the
circular photogalvanic effect (CPGE), which relies on the
selective interband excitations of Bloch states by introducing
various perturbations that break the rotational symmetry and
the time-reversal symmetry. For example, magnetic superlat-
tices [52], external in-plane magnetic field or strains [53,54],
orbital and Zeeman coupling [54], the dielectric ferromagnetic
proximity effect [55], and photon-drag effect [49,50,53,54]
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are employed. See Supplemental Material S6 [45] for their
numerical comparisons with the shift currents. We emphasize
that the mechanism of the shift currents is clearly distinct
from that of the CPGE, which can be computed from the three
point paramagnetic current correlation [53] or equivalently
from Fermi’s Golden rule [52,54,55].

Note that the relaxation of hot electrons in Dirac surface
states has been intensively studied in experiments [56—61].
The expression of shift currents in Eq. (4) does not take
into account the dephasing and relaxation effects explicitly.
However, as the reported lifetime of photoexcited electrons
in Dirac surface states is in order of usec in bulk-insulating
topological insulator [61], which is much larger than the typical
time scale of photoexcitation (~ psec), shift currents should
be measurable. See Supplemental Material S7 [45] for further
discussion.

Shift spin current in Dirac surface states of topological in-
sulator with magnetic ordering. A shift spin current generated
by one state is exactly canceled by its time-reversal partner
state. Thus the absence of both inversion and time-reversal
symmetries is required for a system to support shift spin
currents. (See Supplemental Material S2 [45] for details.)

A simple example of a Dirac surface state with perturbations
that generate a shift spin current with zero charge current is
described by

H = —vpkyo, +vpk,o, +mo; + g(kf + ki)ao. ®)

The third term on the right hand side corresponds to the
magnetic ordering on the surface of 3d topological insulator
that breaks the time-reversal symmetry. A band bending, the
last term, is commonly observed in discovered topological
insulators [47,48,62]. It provides diamagnetic terms (~A; A;).
The resultant energy dispersion is shown in Fig. 3(a). Comput-
ing the susceptibilities for different combinations of indices,
we obtain the following nonzero components: —x[% =
Xf;y = —X;‘f@_ = nyfsly = 25:;22 for Q > m. Figures 3(b), 3(c),
and 3(d) show the momentum distribution of the matrix
elements appearing in the integral for the spin shift current.
We note that the susceptibilities obtained here are exact
results for Hamiltonian Eq. (8), in contrast to the expression
for the shift charge current for the warped Dirac surface
state where we only keep the leading order of warping
strength A. For a linearly polarized light in the general
direction, E(t) = Ey(cos ¢pX + sin¢§)cos Qt = Eyx’ cos Q,
the shift spin current is given by (see Supplemental Material
S5 [45])

2
gmE;

ZUFS.Z2

Jspin = — £'(cos @8, + sin P3y). )

The direction of shift spin current is parallel to that of
electric field. Note that in linearly polarized light, ¢ and
¢ + 7 is equivalent. This is also seen above that when &’
is rotated by 7, the spin direction is reversed so that the
spin photocurrent remains the same. In contrast to the shift
charge current in warped Dirac surface states, we have more
flexibility to control the strength of m with different magnetic

dopants. With typical values of magnetic TIs, m = 30(meV),
Q2 = 100(meV), along with experimentally observed Fermi
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FIG. 3. Massive Dirac surface state with band-bending carries the
shift spin current. The Fermi velocity vy = 2.84h~(eV A), Zeeman
term m = 0.03(eV), and band-bending strength ¢ = 41.1A72(eV /0%2)
are used [47] for Bi, Te;. We show the matrix elements that contribute
to the nonlinear susceptibility x;% . (a) The energy dispersion
is drawn with electronic states satisfying the resonant condition,
€. — €, = R, in distinct colors. (b) The coupling strength of Bloch
states in the resonant condition to diamagnetic spin current response,
[({Sx, 0%, v* Devl, is shown in color. (c) The coupling strength of Bloch
states in the resonant condition to a linearly polarized light, [(v¥),./[,
is shown in color. (d) The contribution of Bloch states to the shift
charge current, |(v*),.({8y,0 v*})cv|, is shown in color.

velocity and band bending parameters [47], we obtain shift spin
current density 0.40/p(nA/m) [y is in the unit of (W/mz)],
which is larger the shift charge current estimated previously.
The shift spin current of massive Dirac surface state is
large enough to be measured in experiments, as CPGE spin
currents observed in topological insulator [49,50] and quantum
wells [63] are 1-100 (pAW~'cm?), which is equivalent to
photocurrent density 0.11p — 10Ip(pA/m) assuming beam
size is 1 (mm?2). (See Supplemental Material S6 [45] for
details.)

To summarize, we showed that shift charge and spin
currents can be formulated as two point correlation functions
of paramagnetic and diamagnetic currents. We discussed two
examples that support shift charge and spin currents, which are
both realized in the Dirac surface states of TIs by incorporating
suitable perturbations. Detection of those photocurrents is
shown to be experimentally feasible.
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