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Floquet-Bloch theory of photoeffect in intense laser fields
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A Floquet-Bloch analysis of intense-field photoemission of electrons from a model crystal surface is carried
out. Simulations of electron emission spectra as a function of the laser intensity show several phenomena,
including ~a! the appearance of a sequence of emission bands, separated by bands of zero currents, at an
interval of the photon energy,~b! a broad modulation of the envelope of the emission spectrum, and~c! the
appearance of subbands within an emission band. The results are discussed and interpreted in terms of the
field-modified band structure of the system. A comparison of the Floquet-Bloch model and the popular free-
electron Sommerfeld model for intense-field photoeffect is made and the difference is shown to be of quali-
tative significance.@S1050-2947~98!50207-7#

PACS number~s!: 79.20.Ds, 42.65.Ky, 79.60.2i, 32.80.Wr
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Recently, photoemission from crystal surfaces subjec
to intense laser fields has been an object of vigorous in
tigations, e.g.@1#, motivated both by the desire to understa
the behavior of crystals and surfaces in intense laser field
well as by the need to obtain pulses of high electron curre
of very short duration. In particular, it had been found th
the interaction of short laser pulses with metal surfaces g
erates nanosecond or picosecond pulses of highly directi
electron beams@2,3#. It is expected that such electron sourc
can find applications in electron beam lithography and hi
resolution electron microscopy@4#, as well as in free-electron
laser devices@5# and possibly for efficient high harmoni
generation@6#.

Theoretical investigations of highly nonlinear interacti
of laser pulses with crystal surfaces that include the b
structure of the system are currently only at their beginni
This is mainly because of the difficulty in the simultaneo
nonperturbative treatment of the laser interaction with
band-structure calculation including the surface. Thus,
intense-field surface photoemission problem has been
lyzed in the past often within some version of the fre
electron Sommerfeld model@7#. For the usual one-photo
case, the free-electron model of photoemission could prov
an order-of-magnitude agreement with the experimental d
on photocurrents@2,7#, but in the case of multiphoton pho
toemission such models failed by many orders of magnit
to give the high currents observed experimentally@2,3#.

In this Rapid Communication results of Floquet-Blo
analysis of laser-induced photoelectron emission from
model crystal surface are presented that show a numbe
phenomena that arise from the electronic band structureand
its modification due to the laser field. At a given intensity,
is found also to provide orders-of-magnitude larger pho
currents than that given by the usual free-electron mod
@7#.

In Fig. 1 the basic process of emission of electrons fr
the surface and the alignment of the laser field is indica
schematically. The laser field is assumed to be propaga
parallel to the surface,k̂z , with the polarization vector per
PRA 581050-2947/98/58~1!/19~4!/$15.00
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pendicular to it,«̂x . An electron initially in an occupied band
statec I(x,t) inside the crystal~and driven by the laser field!
is considered to move toward the surface. After reaching
surface it is either reflected or transmitted with wave fun
tionscR(x,t) or cT(x,t), respectively. In the presence of th
laser field, the statec I(x,t) can be most conveniently de
scribed by the associated Floquet-Bloch states@8# having
positive expectation values of the momenta. The Floqu
Bloch states are generalizations@8# of the usual Bloch states
in the absence of the laser field. The reflected wave func
cR(x,t) is given by a linear combination of the Floque
Bloch states having negative expectation values of mome
and the corresponding ‘‘closed-channel’’ states@9#. Simi-
larly, the transmitted wave function in the vacuumcT(x,t) is
given by a linear combination of the well-known Volko
states with positive momenta; e.g.,@10# and the correspond
ing closed-channel states that decrease exponentially in
vacuum, away from the surface. The condition of continu
of the total wave function propagating in the crystal and
the vacuum, as well as its space derivative at the surface~for
all time t) allows one to determine the desired transmiss
probability PT(b,k;v), where (b,k) denote the initial band

FIG. 1. A schematic description of the photoemission proc
from a crystal surface. The state of an electron inside the crystal
that in the vacuum are indicated. The laser field is assumed

propagate parallel to the surface, alongk̂z , with the polarization

vector perpendicular to it, along«̂x .
R19 © 1998 The American Physical Society
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index and the Bloch momentum, respectively, andv denotes
the final velocity of the photoelectron in the vacuum. T
transmission probabilitiesPT permit us to define@11# the
photoelectron spectrumdS(v)/dv,

dS~v !

dv
5(

b,k

mevvb~k!

4kFuEb8 ~k!u
PT~b,k;v !, ~1!

where the summation is over all initially occupied Floqu
Bloch states with positive momenta that fulfill the ener
conservation condition

E5
1

2
mev

25Eb~k!mod v. ~2!

vb(k) is the expectation value of the velocity of the electr
in the initial states (b,k), me is the electron mass,kF is the
Fermi momentum, and 1/uEb8 (k)u is the density of the occu
pied initial states. For the numerical simulations discus
below, we have used the parameters of a model pote
giving a Fermi energy of 5.53 eV and a work function of 5
eV @8#.

In Fig. 2 we present the photoelectron emission spectr
calculated for the case of interaction with a neodymiu
doped yttrium aluminium garnet~Nd:YAG! laser at a wave-
length l51064 nm and an intensityI 53.5131010 W/cm2.
The most conspicuous feature of the spectrum seen he
the appearance of a whole sequence of individual ene
bands of photoelectrons, separated by strips~white! of zero
currents, the edges of which are spaced exactly by the ph
energy ~1.169 eV!. These emission bands are direct an
logues of the above-threshold ionization~ATI ! peaks, well-
known in the case of atomic ionization~e.g.,@12#!. The sepa-
rations between the emission bands can appear wheneve
photon energy is greater than the width of the initially occ
pied band. The individual members of such ‘‘abov
threshold surface-emission’’~ATSE! spectra also exhibi
sharp lines of high electron currents. They are found to
due to the intermediate multiphoton resonances betw

FIG. 2. Above-threshold surface-emission~ATSE! spectrum for
the Nd:YAG laser frequency,v51.169 eV, at an intensityI
53.5131010 W/cm2. Note a sequence of energy bands separa
exactly by the photon energy, sharp resonancelike lines of h
currents in the individual emission bands, and a second broad m
mum of the envelope between 5 and 9 eV.
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pairs of Floquet-Bloch bands of the crystal. We may add t
similar interband resonances have been predicted also to
hance the signal for high harmonic generation during
passage of electrons through a thin crystal@6#. It can be seen
from Fig. 2 that in the low-energy part~up to about 4 eV!,
the envelope of the ATSE spectrum decreases linearly~in
logarithmic scale!. This is consistent with the usual powe
law behavior~with respect to the photon order! expected
from the perturbation theory. However, for larger energ
~e.g., between 5 eV and up to 9 eV! we observe the forma
tion of a broad bump in the envelope of the spectrum. T
effect becomes more prominent with increasing intensity a
can lead to a modulation of the envelope due to the app
ance of broad minima and maxima. Such modulations ar
be seen in the spectrum of Fig. 3 that is obtained for a hig
intensity I 51.05331012 W/cm2. A comparison of the posi-
tions of the modulation minima in these spectra with t
calculated position of the band gaps shows that the for
occur only in the vicinity of the latter@8#. The modulation
effect, therefore, should be observable in ATSE spectra,
dependent of the conduction properties of the crystal.

Under high resolutions a different nonperturbative feat
can be seen in the ATSE spectrum. To this end the
lowest above-threshold bands~shown in Fig. 3, correspond
ing to the intensityI 51.05331012 W/cm2! in the energy in-
terval up to 2 eV, are presented in a magnified scale, in F
4 ~lower panel!. Also shown are the Floquet-Bloch band
and their replicas in the same energy interval~upper panel!.
The portions of the bands and their replicas that corresp
to the initially occupied~positive velocity! states are marked
bolder in the upper panel. We note that due to the prese
of multiphoton resonances at specific values of the quasi
mentak, there appear a number of avoided crossings t
create the minigaps seen in the band structure~upper panel!.
A comparison of the energies at which the minigaps with
the occupied states arise~upper panel! with the positions of
the minigaps in the emission spectrum~lower panel! shows
an exactone-to-onecorrespondence between them. This c
respondence provides, therefore, a way of observing
minigaps in the field-modified band structure of a crystal,
high-resolution measurements of the ATSE current@13#. It
should, however, be noted that all the structures or subst
tures predicted here may not be resolved by usual exp

d
h
xi-

FIG. 3. The same as in Fig. 2, except thatI 51.053
31012 W/cm2.
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ments with polycrystals at ordinary conditions when the c
lisional incoherence timet is very small @2.9310214 sec
~e.g., p. 401@14#!#, but would require more stringent cond
tions as, for example, in the case of cyclotron resona
experiments for measuring the Fermi surface of a metal, e
with highly pure single crystals at low temperatures, whet
can be much larger@t'10211 sec at 4 K~p. 537 @14#!#. It
would be also necessary, in order to avoid high-space-ch
formation that can distort the spectra, to use short pu
~e.g., between 0.1 to 1 picosec! and/or peak intensities suffi
ciently @15# below the saturation intensity; the latter intens
has been estimated to be of the order of 3.531012 W/cm2, at
the Nd:YAG frequency@6#. We point out further that use o
a shorter-wavelength laser, e.g., a Ti:sappphirel
5780 nm) or a KrF laser (l5248 nm), would increase th
separation between the ATSE bands and hence the wid
a zero-current interval, permitting one to use less string
electron-energy resolution for their detection.

Finally, in Fig. 5, the photoelectron spectrum obtain
from the Floquet-Bloch theory~lower panel! is compared
with that obtained from the corresponding free-electr
Sommerfeld model~upper panel! at I 53.5131011 W/cm2

andv51.169 eV. It is seen that they differ greatly in the
structures; e.g., the gaps between the emission bands an
modulation of the envelope are clearly absent in the fr
electron model. Furthermore, the free-electron model gre
underestimates the emission currents at all energies; e.g
four orders of magnitude for the lowest energies and by m

FIG. 4. Magnification of the two lowest above-threshold ban
at I 51.05331012 W/cm2, shown in Fig. 3~lower panel!. A number
of minigaps are to be noticed in the bands~upper panel!. The por-
tions of the initially occupied~positive velocity! states are marked
by the darker parts. Aone-to-onecorrespondence between the p
sitions of the minigaps~upper panel! and the fine structures of zer
currents~lower panel! is also seen to be replicated at an interval
the photon energy.
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than 15 orders of magnitude for electrons above 10
Clearly, the influence of electronic band structure cannot
neglected in modeling the photoelectron emission curren
intense laser fields.

To conclude, a Floquet-Bloch analysis of the interacti
of intense laser light with a model crystal surface is p
sented. Numerical calculations of the photoelectron spect
reveal a sequence of emissionbands, separated by strips o
zero current at an interval of the photon energy. They c
stitute a kind of above-threshold surface-emission~or ATSE!
spectrum that is analogous to the so-called above-thres
ionization ~ATI ! spectrum, well-known in atomic physics
Distinct ATSE bands are found to occur whenever the p
ton energy is greater than the width of the initially occupi
electronic band of the system. The individual ATSE ban
also show sharp lines that arise from multiphoton interba
resonances. At high intensities, the envelope of the AT
spectrum is found to bemodulatedby broad minima and
maxima, as a function of emission energy. Under high re
lution, the individual emission bands can reveal subba
that also are replicated at an interval of the photon ene
These subbands are shown to be correlatedone to onewith
the appearance of minigaps in the field-modified band str
ture of the surface, and thus can provide a means of detec
the presence of the latter. A comparison is made between
prediction of the present theory and that of the correspond
free-electron Sommerfeld model. It is found that the pr

,

f
FIG. 5. Comparison of photoelectron emission spectru

Floquet-Bloch theory~lower panel! and the free-electron Somme
feld model ~upper panel!; v51.169 eV and I 53.51
31011 W/cm2.
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ence of the electronic band structure of the surface
greatly enhance both the height and the range of the emis
spectrum, compared to that predicted by the free-elec
model.
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