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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 energyb) a broad modulation of the envelope of the emission spectrum(@ritie
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[S1050-294®8)50207-7

PACS numbes): 79.20.Ds, 42.65.Ky, 79.60i, 32.80.Wr

Recently, photoemission from crystal surfaces subjectedengicylar to ite, . An electron initially in an occupied band

to intense laser fields has been an object of vigorous inve%'tatezp,(x,t) inside the crystaland driven by the laser field

tigations, e.g[1], motivated both by the desire to understand;g ¢ngjdered to move toward the surface. After reaching the
the behavior of crystals and surfaces in intense laser fields a3, e it js either reflected or transmitted with wave func-

: : : flons Pr(Xx,t) or ¥r(x,t), respectively. In the presence of the
of very short duration. In particular, it had been found thatIaser field, the statey,(x.t) can be most conveniently de-

the interaction of short laser pulses with metal surfaces 98N ibed by the associated Floquet-Bloch std@shaving
erates nanosecond or picosecond pulses of highly d'reCtlon%Esitive expectation values of the momenta. The Floquet-

gfnczgg Zeaﬂcht'i?ﬁg ilrs1 :(epc?r(‘:ct)?]dbt::rtnsllijtﬂ;e:zmrzona?\?jurr}(i:ehs-BIOCh states are generalizatiof@ of the usual Bloch states
d app . graphy 9% the absence of the laser field. The reflected wave function
resolution electron microscop¥], as well as in free-electron

) : . . . Yr(x,t) is given by a linear combination of the Floquet-
g‘esr?errgteig:([:g]s[s] and possibly for efficient high harmonic Bloch states having negative expectation values of momenta

S N . . . . _and the corresponding ‘“closed-channel” sta{€g. Simi-
Theoretical investigations of highly nonlinear |nteract|onI rly, the transmitted wave function in the vacuu(x.t) is
of laser pulses with crystal surfaces that include the band Y '

structure of the system are currently only at their beginninggé\;tegs l\)/\)//itk? Ig‘;ﬁ\;;g{gﬂgﬁgr‘e 00185] va(\j/etlrl]-gncoovrvrr;SVgl:g_v
This is mainly because of the difficulty in the simultaneous:; P o >POnN
nonperturbative treatment of the laser interaction with the'9 closed-channel states that decrease e_x_ponentlally in the

N . vacuum, away from the surface. The condition of continuity
band-structure calculation including the surface. Thus, the]c h | f ; ing in th Land i
intense-field surface photoemission problem has been ano—t € total wave function propagating in the crystal and in

lyzed in the past often within some version of the free-%}“e vacuum, as well as its space derivative at the sutface

electron Sommerfeld moddl]. For the usual one-photon all time t) allows one to determine the desired transmission
case, the free-electron model of photoemission could providBrObablllty P1(B,kv), where (8,k) denote the initial band
an order-of-magnitude agreement with the experimental data

on photocurrent$2,7], but in the case of multiphoton pho- Yr(z,t) Yr(z,t)
toemission such models failed by many orders of magnitude -
to give the high currents observed experimentpRy3].
In this Rapid Communication results of Floquet-Bloch Yi(z,t)
analysis of laser-induced photoelectron emission from a —

model crystal surface are presented that show a number of
phenomena that arise from the electronic band strucnde
its modification due to the laser field. At a given intensity, it

is found also to provide orders-of-magnitude larger photo-
currents than that given by the usual free-electron models CrySta‘l vacuum
[7]. FIG. 1. A schematic description of the photoemission process

In Fig. 1 the basic process of emission of electrons froMy,n, 5 crystal surface. The state of an electron inside the crystal and
the surface and the alignment of the laser field is indicateghat in the vacuum are indicated. The laser field is assumed to

schematically. The Ia§er f'e_ld IS assum_ed .to be prOpagatm;gropagate parallel to the surface, alokg with the polarization
parallel to the surfacek,, with the polarization vector per- | actor perpendicular to it, along, .
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FIG. 2. Above-threshold surface-emissi@Tl SE) spectrum for FIG. 3. The same as in Fig. 2, except that1.053

the Nd:YAG laser frequencyw=1.169 eV, at an intensity X 10'2 W/cn?.

=3.51x 10'° W/cn?. Note a sequence of energy bands separated
exactly by the photon energy, sharp resonancelike lines of higiP@irs of Floguet-Bloch bands of the crystal. We may add that

currents in the individual emission bands, and a second broad max@milar interband resonances have been predicted also to en-

mum of the envelope between 5 and 9 eV. hance the signal for high harmonic generation during the
passage of electrons through a thin cryf&l It can be seen

index and the Bloch momentum, respectively, andenotes from Fig. 2 that in the low-energy paftip to about 4 ey,

the final velocity of the photoelectron in the vacuum. Thethe envelope of the ATSE spectrum decreases line@nly

transmission probabilitie® permit us to defind11] the  logarithmic scalg This is consistent with the usual power-

photoelectron spectrumS(v)/dv, law behavior (with respect to the photon ordeexpected
from the perturbation theory. However, for larger energies

dSv) mMevv g(K) _ (e.g., between 5 eV and up to 9 eWe observe the forma-
dv £t 4kF|E'ﬁ(k)| Pr(B.kv), () tion of a broad bump in the envelope of the spectrum. This

effect becomes more prominent with increasing intensity and

where the summation is over all initially occupied Floquet-can lead to a modulation of the envelope due to the appear-
Bloch states with positive momenta that fulfill the energyance of broad minima and maxima. Such modulations are to
conservation condition be seen in the spectrum of Fig. 3 that is obtained for a higher
intensity | = 1.053x 10'? W/cn?. A comparison of the posi-
tions of the modulation minima in these spectra with the
calculated position of the band gaps shows that the former
occur only in the vicinity of the lattef8]. The modulation
v g(K) is the expectation value of the velocity of the electroneffect, therefore, should be observable in ATSE spectra, in-
in the initial states 8,k), m, is the electron mas&g is the  dependent of the conduction properties of the crystal.
Fermi momentum, and |E’ﬁ(k)| is the density of the occu- Under high resolutions a different nonperturbative feature
pied initial states. For the numerical simulations discussedan be seen in the ATSE spectrum. To this end the two
below, we have used the parameters of a model potentiddwest above-threshold ban@shown in Fig. 3, correspond-
giving a Fermi energy of 5.53 eV and a work function of 5.1ing to the intensityl = 1.053x 10*> W/cn) in the energy in-
eV [8]. terval up to 2 eV, are presented in a magnified scale, in Fig.

In Fig. 2 we present the photoelectron emission spectrun¥ (lower panel. Also shown are the Floquet-Bloch bands
calculated for the case of interaction with a neodymium-and their replicas in the same energy interitgdper pangl
doped yttrium aluminium garnéNd:YAG) laser at a wave- The portions of the bands and their replicas that correspond
length A\ =1064 nm and an intensity=3.51x 10'° W/cn?. to the initially occupiedpositive velocity states are marked
The most conspicuous feature of the spectrum seen here llder in the upper panel. We note that due to the presence
the appearance of a whole sequence of individual energgf multiphoton resonances at specific values of the quasimo-
bands of photoelectrons, separated by stfpsite) of zero  mentak, there appear a number of avoided crossings that
currents, the edges of which are spaced exactly by the photareate the minigaps seen in the band structupper panel
energy (1.169 e\j. These emission bands are direct ana-A comparison of the energies at which the minigaps within
logues of the above-threshold ionizatiOhTI) peaks, well- the occupied states arigepper panglwith the positions of
known in the case of atomic ionizati¢e.g.,[12]). The sepa- the minigaps in the emission spectrifawer panel shows
rations between the emission bands can appear whenever the exacbne-to-onecorrespondence between them. This cor-
photon energy is greater than the width of the initially occu-respondence provides, therefore, a way of observing the
pied band. The individual members of such “above-minigaps in the field-modified band structure of a crystal, by
threshold surface-emission(ATSE) spectra also exhibit high-resolution measurements of the ATSE curier]. It
sharp lines of high electron currents. They are found to behould, however, be noted that all the structures or substruc-
due to the intermediate multiphoton resonances betweetures predicted here may not be resolved by usual experi-

1
EzimevzzEB(k)modw. (2)
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FIG. 4. Magnification of the two lowest above-threshold bands, ©
atl=1.053x 10" W/cn?, shown in Fig. lower panel. A number 1020

o
(3]
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of minigaps are to be noticed in the bandgper panel The por-
tions of the initially occupiedpositive velocity states are marked
by the darker parts. Ane-to-onecorrespondence between the po-
sitions of the minigapsupper pangland the fine structures of zero FIG. 5. Comparison of photoelectron emission spectrum:
currents(lower panel is also seen to be replicated at an interval of Floquet-Bloch theorylower panel and the free-electron Sommer-
the photon energy. feld model (upper pangl =1169eV and =351
X 10 wWicn?.

ments with polycrystals at ordinary conditions when the col-
lisional incoherence timer is very small[2.9x10 ' sec  than 15 orders of magnitude for electrons above 10 eV.
(e.g., p. 401[14])], but would require more stringent condi- Clearly, the influence of electronic band structure cannot be
tions as, for example, in the case of cyclotron resonanceeglected in modeling the photoelectron emission current in
experiments for measuring the Fermi surface of a metal, e.gintense laser fields.
with highly pure single crystals at low temperatures, when  To conclude, a Floquet-Bloch analysis of the interaction
can be much largerr~10"*! sec at 4 K(p. 537[14])]. It  of intense laser light with a model crystal surface is pre-
would be also necessary, in order to avoid high-space-chargsented. Numerical calculations of the photoelectron spectrum
formation that can distort the spectra, to use short pulsegeveal a sequence of emissibands separated by strips of
(e.g., between 0.1 to 1 picogeand/or peak intensities suffi- zero current at an interval of the photon energy. They con-
ciently [15] below the saturation intensity; the latter intensity stitute a kind of above-threshold surface-emissimmATSE)
has been estimated to be of the order 0b318*2 W/cn?, at  spectrum that is analogous to the so-called above-threshold
the Nd:YAG frequency6]. We point out further that use of ionization (ATI) spectrum, well-known in atomic physics.
a shorter-wavelength laser, e.g., a Ti:sappphire ( Distinct ATSE bands are found to occur whenever the pho-
=780 nm) or a KrF laserN=248 nm), would increase the ton energy is greater than the width of the initially occupied
separation between the ATSE bands and hence the width electronic band of the system. The individual ATSE bands
a zero-current interval, permitting one to use less stringentlso show sharp lines that arise from multiphoton interband
electron-energy resolution for their detection. resonances. At high intensities, the envelope of the ATSE

Finally, in Fig. 5, the photoelectron spectrum obtainedspectrum is found to benodulatedby broad minima and
from the Floquet-Bloch theorylower panel is compared maxima, as a function of emission energy. Under high reso-
with that obtained from the corresponding free-electronlution, the individual emission bands can reveal subbands
Sommerfeld modelupper panél at | =3.51x 10 W/cn?  that also are replicated at an interval of the photon energy.
and w=1.169 eV. It is seen that they differ greatly in their These subbands are shown to be correlaieg to onewith
structures; e.g., the gaps between the emission bands and tie appearance of minigaps in the field-modified band struc-
modulation of the envelope are clearly absent in the freeture of the surface, and thus can provide a means of detecting
electron model. Furthermore, the free-electron model greatlyhe presence of the latter. A comparison is made between the
underestimates the emission currents at all energies; e.g., lpyediction of the present theory and that of the corresponding
four orders of magnitude for the lowest energies and by moréree-electron Sommerfeld model. It is found that the pres-
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