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Bulk photogalvanic effects beyond second order
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Examining the bulk photogalvanic effect~BPE! at nonperturbative laser fields, it is shown that illuminating
a thin noncentrosymmetric crystal, quasicrystal, or nanotube the point group of which isDn.2 , C(3,5, . . . )h , or
D (3,5, . . . )h with a monochromatic linearly polarized field, at practically any orientation, induces anonvanishing
directed current componentj z along its polar axis. This is in contrast to the vanishingj z predicted by the
commonly employed photogalvanic tensor. Similarly, we discuss the appearance of an angular-dependentj z ,
already for C(n.2)v andCn.2, and circular dichroism in the BPE that are not resolved in second order. We
suggest the possible observation of these currents in, e.g., thina-quartz and LiNbO3 :Fe crystals and single-
walled chiral carbon nanotubes.
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Many nonlinear phenomena are conveniently descri
by expanding the electric polarization in powers of the in
dent radiation electric field.1 In particular, the lowest-orde
nonlinear response to a monochromatic laser field is sec
harmonic generation and the photogalvanic effect. In suc
perturbative-based reasoning, the influence of the lase
the target is governed by physical tensors, the indepen
components of which are determined by the symmetry of
bare crystal.2 The bulk photogalvanic effect~BPE! is phe-
nomenologically described to the second order of the elec
field by the expression3 (n5x,y,z)

j n5(
m

F(
l

xnml• Re~EmEl* !1gnm• i ~E3E* !mG , ~1!

whereE is the electric field vector. The linear BPE is go
erned by the third-rank tensorx that transforms as the piezo
electric tensor, and is nonzero only for piezoelect
crystals.2 The second-rank gyration pseudotensorg govern-
ing the circular BPE is nonzero only in optically activ
crystals.2 In particular, bothx andg are identically equal to
zero when the crystal possesses space inversion symm
( i 5S2), i.e., the BPE occurs only in noncentrosymmet
~NCS! crystals.2 Other symmetry-based properties of t
BPE governed by Eq.~1! are simple to deduce from th
properties ofx andg. Such predictions, in particular angula
dependencies of the BPE, have been studied and confir
experimentally for more than 20 years now in various s
tially periodic materials for intensities ranging from
1028 W/cm2 to about 108 W/cm2; see, e.g., Refs. 3–6 an
references therein.

As the laser intensity is increased, higher-rank tensor
the bare crystal should, in principle, be taken into accou
because additional powers of the electric field become n
negligible. Eventually, contributions from successive nonl
earities become comparable, and perturbation theory fail
describe the nonlinear response of the target. This br
about a relevant question as photoinduced directed curr
~dcs! are considered: Do symmetry-based properties of
photogalvanic currents, in particular the~A! selection rules
~SRs!, ~B! parameter~such as angular! dependence, and~C!
0163-1829/2003/67~12!/121103~4!/$20.00 67 1211
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circular dichroism described by Eq.~1! persist to higher or-
ders of the electric field? In other words, referring to pro
erty ~A!, can one systematically identify ‘‘forbidden’’ experi
mental geometries for which Eq.~1! rules out all or certain
photocurrent components that are, nonetheless, allo
when thefull target-laser symmetry is taken into account?
the best of our knowledge, a systematic study ofnonpertur-
bative symmetry-based properties of the BPE has not b
performed so far. Accordingly, looking for and identifyin
the breakdown of the above-specified properties~A!–~C!
governed by Eq.~1! have not been performed as well. He
we provide a general, simple, andnonperturbativemethod
for formulating SRs for steady-state photocurrents, as we
for studying their parameter dependence and circular dich
ism. Methodologically, to study the strong fieldanalogof the
BPE we apply our method to targets the width of which is
the order of a few tens of nanometers, and to microwave
infrared radiation. Within this widely-accepted long
wavelength–thin-target limit~see, e.g., in Refs. 7 and 8!, the
magnetic-component-induced effects are systematically
duced. This allows us to faithfully study, also for the irradi
tion intensities suggested below (1011 MW/cm2<I
,1014 MW/cm2), the electric-component-induced dcalone,
and thereby identifying the breakdown of the lowest-ord
predictions. In particular, we find that irradiating a thin NC
crystal, quasicrystal, or nanotube the point group of which
Dn.2 , C(3,5, . . . )h , or D (3,5, . . . )h , with a monochromatic lin-
early polarized field, at practically any orientation, induce
nonvanishingdc componentj z along its polar axis, and tha
an angular-dependentj z appearsalready for C(n.2)v and
Cn.2 point groups.

Aiming at uncovering fingerprints of symmetry in the ta
get’s response at higher laser intensities, one could proc
to evaluate symmetry properties of high-order susceptib
ties, a task that becomes rather demanding for increa
orders. Here, instead, we chose to detach from the u
perturbative-based description and search for thecombined
target–laser symmetries@so-called dynamical symmetrie
~DSs!#, which are to the time-periodic quantum system und
investigation what spatial symmetries are in the station
case.9 Recently, DSs were employed to study unusual S
©2003 The American Physical Society03-1
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for the high-order harmonic generation spectra.10,11 Here,
identifying the DSs of the target–laser system would all
us to deduce the all-order~A!–~C! symmetry-dependen
properties of the photoinduced dcs. Let us mention here
the role of spatiotemporal symmetries in ruling out nonz
average currents at asymptotic times in one-dimensional
terministically rocked periodic potentials12 and in over-
damped classical Brownian motion13 was recently studied.

To treat spatially-periodic and quasiperiodic targets on
equal footing, our starting point is the many-electron tim
dependent Hamiltonian expressed in the momentum gau

Ĥ~ r̄ ,t !5(
i

H F\i “ i2
e

c
A~ t !G2

2m
1V~r i !J

1
1

2 (
iÞk

(
i

e2

ur i2r ku
, ~2!

wheree andm are the electron charge and mass, respectiv
r̄5(r1 ,r2 , . . . ), “ i[]/]r i , and the summations runs ove
the electrons in the target. The potentialV(r ) reflects the
spatial symmetry of the target. Referring hereafter to
point group of the target makes the comparison to the s
dard second-order treatment more transparent.A(t) is the
vector potential describing the laser field. As explain
above, to analyze the strong fieldanalog of the BPE we
work in the long-wavelength–thin-target limit, where th
spatial dependence of the vector potential in Eq.~2! can be
neglected.7,8 Absorption of radiation by the target~a neces-
sary condition for the linear BPE3! which lifts, of course,
time-reversal symmetry, is accounted for implicitly whe
studying here the DSs of the target-laser system@Eq. ~2!#.

For time-periodic laser fields,A(t)5A(t1T) whereT is
the period of the field, the solutions of the time-depend
Schrödinger equation are the so-called Floquet states14

Ĥ~ r̄ ,t !c«~ r̄ ,t !5 i\
]c«~ r̄ ,t !

]t
,

~3!
c«~ r̄ ,t !5e2 i«t/\f«~ r̄ ,t !, f«~ r̄ ,t !5f«~ r̄ ,t1T!.

Starting from the textbook expression for the quantu
mechanical current-density,15 the many-electron photoinin
duced dc takes on the Floquet-based8,11 appearance

j5
e\

m
ImH 1

TE0

T

dtE dr̄ f«* ~ r̄ ,t !“̄f«~ r̄ ,t !J , ~4!

where “̄5( i“ i , and f«( r̄ ,t) is the Floquet state of the
system. The generic case of linear combinations of Floq
states pose no special complications and the results obta
in this work remain valid for it as well. Note that the osc
lating vector potentialA(t) does not enter explicitly into
photocurrent~4! within the employed dipole approximation
Of course, Eqs.~2!–~4! are gauge invariant.

To become familiar with the DS-based formalism and a
simple example, let us verify that in the nonperturbative
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gime thecombinationof space inversion and monochrom
ticity also leads toj[0 ~when photon-drag effects are ne
ligible!. Under these conditions, the time-depende
Hamiltonian@Eq. ~2!# possesses the second order DS

P̂2
r̄ 5S r̄→2 r̄ ,t→t1

T

2D . ~5!

Thus the Floquet statesf«( r̄ ,t) can be classified as eigen
states ofP̂2

r̄ , namely,P̂2
r̄ f«( r̄ ,t)56f«( r̄ ,t). Consequently,

inserting P̂2
r̄ into expression~4! for j , making use of the

relationP̂2
r̄
“̄ P̂2

r̄ 52“̄, leads immediately to the desired co
dition that j52 j[0. Following this introductory example
we now formulate the basic connection between vanish
photocurrents@Eq. ~4!# and DSs:To rule out the generation
of a certain current component in a specific irradiation g
ometry there should exist an appropriate DS (or just spa
symmetry) that leads to the vanishing of the correspond
current component integral, Eq. (4).Such DSs are to be as
sociated with the field-free reflections (s5S1), rotations
(Cn.1), and improper rotations (Sn.2), when these symme
tries exist.

Let us apply the DS-based method to the monochrom
linearly polarized vector potential

A~ t;w,q!5
c

v
sin~vt !@sinq cosw,sinq sinw,cosq#,

~6!

where 0<w,2p and 0<q<p are the azimuthal and pola
angles of the electric field with respect to the target Cartes
axes andv52p/T. The all-order SRs~L1!–~L3! for dc in-
duced by the field~6! are listed below. Inall but experimen-
tal geometries detailed belowj does notvanish identically.
~L1! Suppose that the bare target possesses the refle
symmetrys z̄5( z̄→2 z̄), z̄5(z1 ,z2 , . . . ), andthat the elec-
tric field is linearly polarized in thex-y plane @q5p/2 in
Eq. ~6!#. For this setup, the time-dependent Hamiltonian@Eq.
~2!# possesses thes z̄ symmetry as well, and therefore th
Floquet statesf«( r̄ ,t) can be classified as eigenstates ofs z̄ .
Substituting this observation into Eq.~4!, we readily obtain
that j z52 j z and, hence,j z[0. Note that on the basis ofs z̄
aloneno SR can be deduced for the other two components
the photocurrent,j x and j y . If the electric field is linearly
polarized in thez direction @q50 in Eq. ~6!# then we find
again j z52 j z[0, this time due to the DS:

P̂2
z̄5S z̄→2 z̄,t→t1

T

2D . ~7!

~L2! A similar analysis with the twofold rotation axisC2
x̄ȳ

5( x̄→2 x̄,ȳ→2 ȳ) leads to j x[0 and j y[0 both for q
50, due toC2

x̄ȳ itself, and forq5p/2, due to the DS

P̂2
x̄ȳ5S x̄→2 x̄,ȳ→2 ȳ,t→t1

T

2D . ~8!

Note that on the basis ofC2
x̄ȳ aloneno SR can be deduced fo

the j z component, even if the electric field vector lies alo
or is orthogonal to thez axis. It should be emphasized th
3-2
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there areno SR’s governed byCn.2
w̄ 5(w̄→w̄12p/n),

where w̄5(w1 ,w2 , . . . ) are theazimuthal angles of the
electrons, forany orientation of the electric field@Eq. ~6!#.
~L3! There is only one additional SR governed
Sn.2

w̄ z̄ 5(w̄→w̄12p/n,z̄→2 z̄). If the electric field is
linearly-polarized in the z direction@q50 in Eq. ~6!# then
j z[0 due to the DSCn.2

w̄ P̂2
z̄5@w̄→w̄1(2p/n),z̄→2 z̄,

t→t1(T/2)].
Equipped with the all-order SRs~L1!–~L3! for monochro-

matic linearly-polarized fields, we examined the SR’s p
dicted by Eq.~1! on the basis of the transformation prope
ties of x.2 We found that they do not necessarily pers
beyond second order. The central result concerns the N
point groupsDn.2 , C(3,5, . . . )h , D (3,5, . . . )h and the field~6!;
also see Fig. 1. Let us start with the dihedral point grou
Dn.2 that contain theCn rotation axis~parallel to z! along
with n twofold rotation axes in thex-y plane. Utilizing SR
~L2!, we learn thatj z[0 only if the polarization of electric
field ~6! is orthogonal toany of the n twofold rotation axes.
In all othercontinuousset of orientations of the electric fiel
~see Fig. 1! there is no DS and SR, and hence thej z photo-
current componentdoes notvanish. The second-order anal
sis, on the other hand, predicts thatj z identically vanishes,
not only for the orthogonal geometries mentioned above,
also for any possible orientation of the field~6!. Therefore,
nonvanishingj z photocurrents should appear as higher la
intensities are employed in practicallyany orientation of the
electric field vector ~see Fig. 1!. For the point groups

FIG. 1. Graphical illustration of generation of the ‘‘forbidden
photocurrentj z upon illuminating a thin NCS crystal, quasicrysta
or nanotube the point group of which isDn.2 , C(3,5, . . . )h , or
D (3,5, . . . )h ~here n53) with a monochromatic linearly polarize

field EW 5(Ex ,Ey ,Ez). For j z to be generated for theDn.2 point

groups, the projection ofEW on thex-y plane should not lie on then
‘‘dashed’’ lines that are orthogonal to then C2 rotation axes. Forj z

to be generated for theC(3,5, . . . )h point groups,EW should not lie in
thex-y plane (Ez50) or be parallel to the z axis (Ex5Ey50). For
j z to be generated for theD (3,5, . . . )h point groups, the above cond
tions for Dn.2 andC(3,5, . . . )h should be met, jointly. Evidently, a

practically any orientation of the electric fieldEW , j z is induced.

Moreover, for a given vectorEW the propagation direction is ye
another degree of freedom that can be utilized to minimize
photon-drag effect when measuringj z .
12110
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C(3,5, . . . )h we use SR~L1! and find similar results:j z[0
only if the polarization of electric field~6! is in thex-y plane
or is parallel to thez axis ~see Fig. 1!. Here again, the
second-order analysis predicts thatj z[0 for any possible
orientation of the field~6!. Thus nonvanishingj z photocur-
rents should appear as higher laser intensities are empl
in practicallyany orientation of the electric field vector~see
Fig. 1!. Combining the results of the point groupsDn.2 and
C(3,5, . . . )h on the basis of SRs~L2! and ~L1!, respectively,
gives the continuousgeometries for which irradiation o
D (3,5, . . . )h leads to nonvanishingj z along the polar axis~see
Fig. 1!.

The octahedralO (n54,3,2) and icosahedralI (n
55,3,2) point groups are even more unique than the o
analyzed so far. For these point groupsall components of the
tensorx vanish~see Refs. 2 and 16, respectively!, meaning
that Eq.~1! predictsj[0 for any direction of electric field
~6!. Surprisingly, using SR~L2! we find that, unless electric
field ~6! is orthogonal to any of the two-fold rotation axes
O (I ), all components ofj are nonzero inO (I ); j[0 only if
the electric field~6! is parallel to any of the twofold rotation
axes inO (I ). Literally speaking, the second-order analys
almost 100% fails to describe photocurrents inO and I at
higher laser intensities.

The prediction of the strong field ‘‘forbidden’’ photocur
rents due to the combined target-laser symmetry would
be complete without arguing whether they could be detec
experimentally. To argue for a positive answer, we begin
mentioning that fourth-harmonic generation was recen
generated at crystalline surfaces, and moreover was use
resolve their symmetry, at peak intensities as low as (225)
31011 W/cm2.17 Detectable fifth-harmonic generation from
pure silicon has been predicted at a peak intensity of ab
331011 W/cm2.7 At higher intensities of about 3.531012

and 1.331013 W/cm2, according to model calculations
strong harmonic generation extending beyond the tenth
100th harmonics has been predicted for thin~of the order of
10 nm! spatially-periodic semiconductors8 and for metallic
single-walled carbon nanotubes,18 respectively. Moreover,
Lenzneret al.19 recently demonstrated that sub-10-fs las
pulses open the door ‘‘to explore an entirely new
nonperturbative—regime of reversible nonlinear optics
solids,’’ in excess of 1014 W/cm2. This suggests, therefore
that such ‘‘forbidden’’ photocurrents could be detected a
resolved both in thin crystals, e.g.a-quartz ~point group is
D3h), as well as in single-walled chiral carbon nanotub
@point groups areDn ~Ref. 20!#.

Next we briefly discuss the appearance of the angular
pendence in the BPE. Here we just state the final and in
tive principle: If there isno symmetry~say, rotation, reflec-
tion, etc.! connecting one experimental geometry to anot
then the corresponding photocurrent componentsare not
equal. Examining the second-order predictions forC(n.2)v
and Cn.2, we find that thej z is constantfor different azi-
muthal anglesw @see Eq.~6!#. According to the above prin-
ciple, on the other hand, this current component isw depen-
dent. Thus the second-order predictions cannot reso
correctly the angular-dependence of thej z componental-
ready for threefold rotation symmetry. It is interesting t
mention here, for comparison, that rotational analysis ba

e

3-3
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on second-harmonic generationis capable of resolving the
C3v symmetry at surfaces.21 We expect that such ‘‘forbid-
den’’ angular dependencies could be detected in thin crys
e.g. LiNbO3:Fe ~point group isC3v).

Finally, let us briefly discus the onset of circular dichr
ism in the BPE, i.e., when the corresponding component
photocurrents generated by circularly polarized fields of
posite helicitiesare not equal in their absolute values. En
quiring for the experimental geometries for which t
second-order analysis fails to predict circular dichroism,
find that the point groupsD2(n.1) exhibit circular dichroism
when the polarization plane~of the circularly polarized light!
contains thez axis, but does not contain any of the twofo
rotation axes. Similar results are found for the point grou
O and I.

In conclusion, we have found that traditional second-or
predictions for symmetry-based properties of the BPE do
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