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Bulk photogalvanic effects beyond second order
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Examining the bulk photogalvanic effe@PE) at nonperturbative laser fields, it is shown that illuminating
a thin noncentrosymmetric crystal, quasicrystal, or nanotube the point group of whigh js C(35 . .y, Or
D(s5,...p With @ monochromatic linearly polarized field, at practically any orientation, induoes@anishing
directed current componen} along its polar axis. This is in contrast to the vanishjpgpredicted by the
commonly employed photogalvanic tensor. Similarly, we discuss the appearance of an angular-dgpendent
already for C,~ ), andC,-,, and circular dichroism in the BPE that are not resolved in second order. We
suggest the possible observation of these currents in, e.g.ethimrtz and LiINbQ:Fe crystals and single-
walled chiral carbon nanotubes.
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Many nonlinear phenomena are conveniently describedircular dichroism described by E{l) persist to higher or-
by expanding the electric polarization in powers of the inci-ders of the electric field? In other words, referring to prop-
dent radiation electric field.In particular, the lowest-order erty (A), can one systematically identify “forbidden” experi-
nonlinear response to a monochromatic laser field is secongnental geometries for which E@l) rules out all or certain
harmonic generation and the photogalvanic effect. In such ghotocurrent components that are, nonetheless, allowed
perturbative-based reasoning, the influence of the laser ofhen thefull target-laser symmetry is taken into account? To
the target is governed by physical tensors, the independeftie best of our knowledge, a systematic studyofipertur-
components of which are determined by the symmetry of théative symmetry-based properties of the BPE has not been
bare crystal’ The bulk photogalvanic effedBPE) is phe-  performed so far. Accordingly, looking for and identifying
nomenologically described to the second order of the electrithe breakdown of the above-specified propertigs—(C)
field by the expressich(»=x,y,2) governed by Eq(1) have not been performed as well. Here
we provide a general, simple, ambnperturbativemethod
for formulating SRs for steady-state photocurrents, as well as
for studying their parameter dependence and circular dichro-
ism. Methodologically, to study the strong fieddalogof the
whereE is the electric field vector. The linear BPE is gov- BPE we apply our method to targets the width of which is of
erned by the third-rank tensgrthat transforms as the piezo- the order of a few tens of nanometers, and to microwave or
electric tensor, and is nonzero only for piezoelectricinfrared radiation. Within this widely-accepted long-
crystals? The second-rank gyration pseudotensogovern-  wavelength—thin-target limitsee, e.g., in Refs. 7 and,8he
ing the circular BPE is nonzero only in optically active magnetic-component-induced effects are systematically re-
crystals? In particular, bothy andy are identically equal to duced. This allows us to faithfully study, also for the irradia-
zero when the crystal possesses space inversion symmetign intensities suggested below tow/cm?<I|
(i=S,), i.e., the BPE occurs only in noncentrosymmetric <10 MW/cm?), the electric-component-induced dtone
(NCS) crystals? Other symmetry-based properties of theand thereby identifying the breakdown of the lowest-order
BPE governed by Eq(l) are simple to deduce from the predictions. In particular, we find that irradiating a thin NCS
properties ofy andy. Such predictions, in particular angular crystal, quasicrystal, or nanotube the point group of which is
dependencies of the BPE, have been studied and confirmé®,~,, C(35 . y, 0OrD(5 ...y, With a monochromatic lin-
experimentally for more than 20 years now in various spaearly polarized field, at practically any orientation, induces a
tially periodic materials for intensities ranging from nonvanishingdc componenj, along its polar axis, and that
108 wWicn? to about 18 Wicn?; see, e.g., Refs. 3-6 and an angular-dependerjt, appearsalready for C,-,, and
references therein. Cnh=2 point groups.

As the laser intensity is increased, higher-rank tensors of Aiming at uncovering fingerprints of symmetry in the tar-
the bare crystal should, in principle, be taken into account, get’s response at higher laser intensities, one could proceed
because additional powers of the electric field become nornto evaluate symmetry properties of high-order susceptibili-
negligible. Eventually, contributions from successive nonlin-ties, a task that becomes rather demanding for increasing
earities become comparable, and perturbation theory fails torders. Here, instead, we chose to detach from the usual
describe the nonlinear response of the target. This bringgerturbative-based description and search fordbmbined
about a relevant question as photoinduced directed currentarget—laser symmetriegso-called dynamical symmetries
(dcg are considered: Do symmetry-based properties of théDS9], which are to the time-periodic quantum system under
photogalvanic currents, in particular tig&) selection rules investigation what spatial symmetries are in the stationary
(SR9, (B) parametefsuch as anguladependence, an(C) case’ Recently, DSs were employed to study unusual SRs

=2 ;xm-Re(EME:HWi(EXE*)M, (1)
M
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for the high-order harmonic generation speltrdl Here, gime thecombinationof space inversion and monochroma-
identifying the DSs of the target—laser system would allowticity also leads tg=0 (when photon-drag effects are neg-
us to deduce the all-ordefA)—(C) symmetry-dependent ligible). Under these conditions, the time-dependent
properties of the photoinduced dcs. Let us mention here thaiamiltonian[Eq. (2)] possesses the second order DS
the role of spatiotemporal symmetries in ruling out nonzero
average currents at asymptotic times in one-dimensional de- T —
terministically rocked periodic &%ﬁ/tvemiéfs and in over- 2=
damped classical Brownian motionvas recently studied. . .

To treat spatially-periodic and quasiperiodic targets on an NUS the Floquet states, (r,t) can be classified as eigen-
equal footing, our starting point is the many-electron time-States ofP;, namely,P>¢,(r,t) = = ¢,(r,t). Consequently,
dependent Hamiltonian expressed in the momentum gaugenserting P, into expression(4) for j, making use of the

relationPyV Ph= -V, leads immediately to the desired con-

. (5

T——T,t—t+ >

zvl_ gA(t) ? dition thatj=—j=0. Following this introductory example,
~ I c we now formulate the basic connection between vanishing
H(r,t):Z 2m +V(r) photocurrent$Eq. (4)] and DSs:To rule out the generation
of a certain current component in a specific irradiation ge-
e? ometry there should exist an appropriate DS (or just spatial

r—r’ 2 symmetry) that leads to the vanishing of the corresponding
current component integral, Eq. (4%uch DSs are to be as-
wheree andm are the electron charge and mass, respectivelygociated with the field-free reflectionsr€S,;), rotations
T=(ry,r,, ...), Vi=0alor;, and the summations runs over (C,~1), and improper rotations,- ,), when these symme-
the electrons in the target. The potenti&g(r) reflects the tries exist.
spatial symmetry of the target. Referring hereafter to the Let us apply the DS-based method to the monochromatic
point group of the target makes the comparison to the starlinearly polarized vector potential
dard second-order treatment more transparaft) is the
vector potential describing the laser field. As explained At o, 9)=
above, to analyze the strong fielthalog of the BPE we e
work in the long-wavelength—thin-target limit, where the (6)
spatial de%endence_ of the vector potential in EY.can be  \\here 0< p<27 and O< 9= are the azimuthal and polar
neglected':_ /Absorption of radiation by the targea neces-  gngjes of the electric field with respect to the target Cartesian
sary condition for the linear BFE which lifts, of course, axes ando=27/T. The all-order SR€L1)—(L3) for dc in-
time-reversal symmetry, is accounted for implicitly when q,ceq by the field6) are listed below. Irall but experimen-
studying here the DSs of the target-laser sysf&u (2)]. tal geometries detailed belojvdoes notvanish identically.

For time-periodic laser fieldg\(t)=A(t+T) whereTis (| 1) syppose that the bare target possesses the reflection
the period of the field, the solutions of the tlme—dependentsymmetryafz (Z——2),72=(21,25, . . . ), ancthat the elec-

Schralinger equation are the so-called Floquet stites tric field is linearly polarized in the-y plane[ 9= /2 in
Eq. (6)]. For this setup, the time-dependent Hamiltor{i&g.

c
Esin(wt)[sinﬂ CoSsg,sind sing,cosd],

AF ) g, (T =if Iihs(1,1) (2)] possesses the; symmetry as well, and therefore the
o o Floquet state,(r,t) can be classified as eigenstatesref
(3)  Substituting this observation into E), we readily obtain
Yy (ry=e g (Tt), ¢(F )= (T,t+T). thatj,= —j, and, hencej,=0. Note that on the basis of;

. _ aloneno SR can be deduced for the other two components of
Starting from the textbook expression for the quantum-he photocurrentj, andj,. If the electric field is linearly
mechanical current-density,the many-electron photoinin- polarized in thez direction[ 9=0 in Eq. (6)] then we find

duced dc takes on the Floquet-badsEdippearance againj,=—j,=0, this time due to the DS:
. eh 1(7 = N . T
j=— Im —f dtf dr X (FOV AT, (4 Pi= |7 —Ztot+ = |. @)
m TJo & 2

— _ (L2) A similar analysis with the twofold rotation axi€}
where V=3;V;, and ¢.(r,t) is the Floquet state of the —_—, 3y, V) leads toj,=0 and j,=0 both for &
system. The generic case of linear combinations of Floquegoy due t0C>2<'y itself, and ford= /2, due to the DS
states pose no special complications and the results obtained

in this work remain valid for it as well. Note that the oscil- R T

lating vector potentialA(t) does not enter explicitly into Py= X= =X y— Y tott 5. 8
photocurreni(4) within the employed dipole approximation. o

Of course, Eqgs(2)—(4) are gauge invariant. Note that on the basis @5’ aloneno SR can be deduced for

To become familiar with the DS-based formalism and as ahe j, component, even if the electric field vector lies along
simple example, let us verify that in the nonperturbative re-or is orthogonal to the axis. It should be emphasized that
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7 E=E,E,E,) Cs,...n we use SR(L1) and find similar resultsj, =0
only if the polarization of electric field6) is in thex-y plane
or is parallel to thez axis (see Fig. 1L Here again, the
second-order analysis predicts thjat=0 for any possible
orientation of the field6). Thus nonvanishing, photocur-
rents should appear as higher laser intensities are employed
in practicallyany orientation of the electric field vectdsee
Fig. 1). Combining the results of the point groups-, and
C(ss,...p On the basis of SRE.2) and (L1), respectively,
gives the continuousgeometries for which irradiation of
E_(3,5,1_). _y leads to nonvanishing, along the polar axigsee
ig. 1).

The octahedralO (n=4,3,2) and icosahedral (n
=5,3,2) point groups are even more unique than the ones
analyzed so far. For these point grogtiscomponents of the

FIG. 1. Graphical illustration of generation of the “forbidden” tensory vanish(see Refs. 2 and 16, respectivelyneaning
photocurrentj, upon illuminating a thin NCS crystal, quasicrystal, that Eq.(1) predictsj=0 for any direction of electric field
or nanotube the point group of which B,.,, Cizs ..y, or  (6). Surprisingly, using SRL2) we find that, unless electric
D(s, ...y (heren=3) with a monochromatic linearly polarized field (6) is orthogonal to any of the two-fold rotation axes in
field E=(EX,Ey,EZ). For j, to be generated for th®,-, point O (1), all components of are nonzero O (1); j=0 only '_f
groups, the projection d on thex-y plane should not lie on the the electric field6) is parallel to any of the twofold rotation

“dashed” lines that are orthogonal to teC, rotation axes. Foj, ~ @x€s inO (I). Literally speaking, the second-order analysis
. - o almost 100% fails to describe photocurrentsOnand | at
to be generated for th€ 35 ..y point groupsE should not lie in

. higher laser intensities.
thex-y plane E,=0) or be parallel to the z axi€(=E,=0). For " . “ . N
j, to be generated for thB 55, _y, point groups, the above condi- The prediction of the strong field “forbidden” photocur-

tions for D, and C s, .y Should be met, jointly. Evidently, at rents due to th_e comblne_d target-laser symmetry would not
. o R be complete without arguing whether they could be detected
practically any orientation of the electric field, j, is induced.

M ‘ _ toF th fion direction is vet experimentally. To argue for a positive answer, we begin by
oreover, 1or a given veclot the propagation direction 1S yet - pantigning that fourth-harmonic generation was recently

another degree of freedom that__can be utilized to minimize thegenerated at crystalline surfaces, and moreover was used to
photon-drag effect when measuring. . . ..
resolve their symmetry, at peak intensities as low as%?

, A X 10 W/en?. ' Detectable fifth-harmonic generation from
there areno SR's governed byCP>2_(‘P_>‘P+27T/n)' pure silicon has been predicted at a peak intensity of about
where ¢=(¢1,¢2, ...) are theazimuthal angles of the 3101l wen?.7 At higher intensities of about 35102
electrons, forgny orientation of thg electric fieldEq. (6)]. and 1.3<10*Wi/cn?, according to model calculations,
(ij—s;) There is only one additional SR governed by gyong harmonic generation extending beyond the tenth and
Siz2=(¢—¢+2m/nz—-2). If the electric field is 100th harmonics has been predicted for tfohthe order of
linearly-polarized in the z directiohd=0 in Eq. ()] then 10 nm spatially-periodic semiconductérand for metallic
j=0 due to the DSC{.,P;=[¢— ¢+ (27/n),z— -2, single-walled carbon nanotub¥s respectively. Moreover,
t—t+(T/2)]. Lenzneret al!® recently demonstrated that sub-10-fs laser

Equipped with the all-order SR&1)—(L3) for monochro-  pulses open the door “to explore an entirely new—
matic linearly-polarized fields, we examined the SR’s pre-nonperturbative—regime of reversible nonlinear optics in
dicted by Eq.(1) on the basis of the transformation proper- solids,” in excess of 18 W/cn?. This suggests, therefore,
ties of y.2 We found that they do not necessarily persistthat such “forbidden” photocurrents could be detected and
beyond second order. The central result concerns the NC@solved both in thin crystals, e.g-quartz (point group is
point groupsD~,, C(z5,.. .y, D(3s,... 5 and the field(6); Dj), as well as in single-walled chiral carbon nanotubes
also see Fig. 1. Let us start with the dihedral point group$point groups ar®,, (Ref. 20].
D,-» that contain theC,, rotation axis(parallel to 2 along Next we briefly discuss the appearance of the angular de-
with n twofold rotation axes in the&-y plane. Utilizing SR pendence in the BPE. Here we just state the final and intui-
(L2), we learn thaf,=0 only if the polarization of electric tive principle: If there isno symmetry(say, rotation, reflec-
field (6) is orthogonal taany of the n twofold rotation axes. tion, etc) connecting one experimental geometry to another
In all othercontinuousset of orientations of the electric field then the corresponding photocurrent componeares not
(see Fig. 1there is no DS and SR, and hence jhehoto-  equal. Examining the second-order predictions @gy-. ),
current componerdoes notvanish. The second-order analy- and C,~,, we find that thej, is constantfor different azi-
sis, on the other hand, predicts thatidentically vanishes, muthal anglesp [see Eq.(6)]. According to the above prin-
not only for the orthogonal geometries mentioned above, butiple, on the other hand, this current componeng idepen-
also forany possible orientation of the fiels). Therefore, dent. Thus the second-order predictions cannot resolve
nonvanishing , photocurrents should appear as higher lasecorrectly the angular-dependence of thecomponental-
intensities are employed in practicabyy orientation of the ready for threefold rotation symmetry. It is interesting to
electric field vector(see Fig. 1L For the point groups mention here, for comparison, that rotational analysis based

3= b, 23, #0)
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on second-harmonic generatiis capable of resolving the persist to higher orders of the incident electric field. In par-
C3, symmetry at surfaces.We expect that such “forbid- ticular, illuminating a thin NCS crystal, quasicrystal, or
den” angular dependencies could be detected in thin crystalsanotube, the point group of which B,-,, C(35 ..y, Of
e.g. LiNbG;:Fe (point group isCsy,). D(ss5, ...y With a linearly polarized field, at practically any

. Finally, let us.briefly discus the onset Of circular dichro- Oriér{téfion, induces aonvanishing‘jc Componenﬂz a|ong

pho_tocurr«_an_ts generated by c_ircularly polarized fields of OPalready angular dependent fO€ (- 2), and Cp-,. With the
posite helicitiesare notequal in their absolute values. En- presently growing interest in and the capabilities of irradiat-
quiring for the experimental geometries for which thejng gpatially periodic and quasiperiodic solid targets at non-
second-order analysis fails to predict circular dichroism, wesertyrbative laser intensities, our results may be of interest
find that the point groupB;(,~1) exhibit circular dichroism ot only from the scientific point of view. Rather, they could
when the polarization plan@f the circularly polarized light  fing also practical applications, e.g., for the detection of mi-
contains thez axis, but does not contain any of the twofold ¢yowave and infrared radiation at higher intensities.
rotation axes. Similar results are found for the point groups
O andl. The author wishes to thank Professor L. S. Cederbaum for
In conclusion, we have found that traditional second-ordestimulating discussions. O.E.A. is grateful to the European
predictions for symmetry-based properties of the BPE do no€Eommunity for financial suppoitMarie-Curie fellowship.
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