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A theory of light-induced kinetic effects, currents and/or potential differences induced in a solid when it is
irradiated by light, is developed. The combination of momentum-selective interband~or inter-subband-band!
excitation and band-dependent kinetic properties causes kinetic anisotropy in the motion of particles~electrons
and/or holes! in the solid. The selectivity originates from the Doppler effect and leads to unequal excitation of
carriers moving with and against the direction of the wave vector of light. General relations describing these
effects in an arbitrary solid within a two-band approximation are derived. In particular, the theory of the
light-induced drift~LID ! of electrons in metals arising from direct and indirect electron transitions is devel-
oped. LID reaches its maximum with excitation in the vicinity of the energy gap between two conduction
bands. The spectral dependence of the resultant current is shown to be strongly asymmetrical at photon
energies close to the energy gap with the direction of the carrier flow depending on the photon energy. Another
light-induced kinetic effect results from the intensity gradient due to the strong attenuation of light as it passes
into a metal which leads to a nonuniform spatial distribution of excited electrons, resulting in large diffusive
flows of excited electrons and holes that propagate against each other. The different mobilities of the electrons
and the holes result in a net light-induced diffusive flow. Experimental observation of LID of hot electrons via
spatially asymmetric photoemission from rough films is presented. Additionally, a previously observed anoma-
lous angular dependence in one-photon and two-photon electron emission from rough Ag films is explained in
terms of LID.

I. INTRODUCTION

In the 1970s Grinberget al.1,2 showed that transitions be-
tween subbands in semiconductors can produce large
radiation-induced currents. The corresponding macroscopic
momentum is of the order of the typical momentum of elec-
trons or holes rather than of the photon momentum. This
means that under certain conditions radiation can produce a
much stronger effect than radiation pressure. Grinberget al.
have dubbed this phenomenon the resonant photon-drag ef-
fect ~RPDE!. The RPDE occurs when the charge mobilities
differ for excited and ground bands so that, under resonant
conditions, the balance between the four radiation-induced
partial currents is destroyed and a large net current arises.
The four currents correspond to two excited electron flows
moving in opposite directions and two hole flows that are
also counterpropagating.3 An effect similar to the RPDE ef-
fect, involving transitions between parallel subbands in
quantum wells and dubbed light-induced drift~LID !, was
suggested by Dykhneet al.4 The theory of LID was devel-
oped further by Grinberg and Luryi5,6 and by Stockman
et al.7 and observed experimentally by Wiecket al.8 in 1990.
Skok and Shalagin9 considered LID of electrons excited be-
tween the Landau subbands of a semiconductor in a mag-
netic field. This effect was observed by Kravchenkoet al.10

A theoretical treatment of the RPDE in transitions between
magnetic subbands was also presented by Gurevich and
Vinnikov.11

Light-induced drift can also occur in gases. This phenom-
enon was first suggested by Gel’mukhanov and Shalagin12 in

1979 and was observed by Antsyginet al.13 later in the same
year. Following these pioneering studies many further
theoretical14–16 and experimental papers on LID in atomic
~Woerdman and co-workers17! and molecular gases~Her-
mans and co-workers18 and Chapovskyet al.18,19! appeared
in the literature. In particular, Popovet al. studied drift in-
duced by polychromatic20 and pulsed-periodic21 light excita-
tion; two-photon-excited drift was considered in Ref. 22, and
LID sound generation by pulsed excitation was studied by
Shalaev and Yakhnin.23

Since the RPDE and the LID effects have basically the
same underlying conceptual basis, the terms ‘‘RPDE’’ and
‘‘LID’’ are equally descriptive and we will use them inter-
changeably.

We briefly describe the essential elements of LID by con-
sidering first the more simple case of LID in gases. Consider
monochromatic radiation of frequencyv, close to the fre-
quencyv0 of a transition between ground state 1 and excited
state 2 of an atom. When the radiation interacts with the
atomic gas the velocity distributionsf 2(v) and f 1(v) of the
excited and unexcited atoms become asymmetrical~that is,
the velocity averaged over the distribution is not zero!. The
asymmetry is due to the fact that the radiation excites pre-
dominantly those atoms whose velocityv is such that the
corresponding Doppler shiftq–v (q is the incident radiation
wave vector! of the radiation frequency cancels out the fre-
quency detuningV5v2v0 . Consequently, in each state
there exist directed atomic motions characterized by two
fluxes:
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j15E vf 1~v!dv, j25E vf 2~v!dv, where dv[d3v.

These fluxes are colinear with the wave vectorq, but
directed oppositely, and equal in magnitude, so that the total
macroscopic fluxJ5 j11 j250. A nonabsorbing buffer gas
offers resistance to these fluxes. Since the kinetic cross sec-
tions of the excited and unexcited atoms are in general dif-
ferent, the forces resisting the fluxes of the excited and un-
excited atoms are also different. A net force is, therefore,
produced which is exerted by the buffer gas on the absorbing
gas as a whole. This leads to a directed macroscopic motion
of the absorbing gas, characterized by the fluxJ5 j11 j2
Þ0. The buffer gas is acted upon by a force of the same
magnitude but of opposite direction, producing an opposing
flux. Thus, the combination of velocity-selective excitation
and state-dependent kinetic properties causes the gas to be
kinetically anisotropic and leads to the above transport ef-
fects.

Similar to LID in gases, LID of a degenerate two-
dimensional electron gas~2DEG! in semiconductors can be
produced.4–10 The electron motion in a 2DEG is quantum
confined along one direction. The confinement can be
achieved either by applying a magnetic field9–11 or by creat-
ing quantum wells4–8 in semiconductor heterostructures. In
both cases, the light induces velocity-selective transitions of
electrons between two quantum well states and two Landau
levels, respectively. Since the electron mobilities are, in gen-
eral, different in the two states, LID of the electron gas as a
whole occurs. In the case of a 2DEG, LID is maximum when
the electron transitions occur between two parallel or quasi-
parallel subbands (m1'm2), i.e., when the dispersion law of
the particles is independent, or weakly dependent, on the
internal states. In that case, the interband energyE2(k)
2E1(k)5\v0 is a constant independent of the electron mo-
mentumk, the relative width of the absorption band due to
transitions between states 1 and 2 is small, and the corre-
sponding resonance in the spectrum is sharp. Theoretical
treatments of LID in a 2DEG in semiconductors are similar
to those for LID of atomic gases and can be formulated in
terms of a simple two-level system. In particular, the fre-
quency dependence of the LID of electrons in semiconduc-
tors is the same as for gases, and LID changes its direction
according to the sign of the frequency detuning (v2v0)
from resonance. This is because the particles moving with
the light absorb photons to the blue of the absorption contour
center and those moving against the light absorb to the red of
the center.

An interesting case of the RPDE resulting from transitions
between the~nonparallel,m1Þm2) heavy-hole and the light-
hole valence subbands in bulkp-type Ge was theoretically
suggested by Grinberg and Udod.2 The balance between the
four partial currents is destroyed in this case because the
momentum relaxation time for the light holes, moving oppo-
sitely to the incident radiation wave vector, is much smaller
than that for holes moving along the wave vector. Such a
strong difference in relaxation time can be achieved if the
optical phonon energy\vphon has a value such that only the
light holes withk–q.0 interact with optical phonons, lead-
ing to substantially shorter relaxation time for the holes. This
kind of RPDE can be realized only at sufficiently low tem-

peratures (kBT!\vphon) and for the special case of excita-
tion when\vphon is larger than the energy of the nonequi-
librium light holes moving with the incident radiation but
smaller than the energy of the light holes moving against the
radiation, in which case a significant enhancement of the
PDE can be achieved. A similar resonance with interband
optical transitions was considered in Refs. 24,25. It is clear,
however, that this mechanism cannot be efficient for electron
interband transitions induced by light in the visible range of
the spectrum where the energy of the excited electrons is
much larger than the optical phonon energy.

Another type of resonance in bulkp-type germanium oc-
curs when the excitation of current carriers is selective with
respect to their momentum and the temperature is suffi-
ciently low to provide a sharp boundary in the distribution of
holes at the Fermi energyEF . If the energies of nonequilib-
rium holes moving against and with the light (E1

2 andE1
1 ,

respectively! are such thatE1
2,EF,E1

1 , only the holes
with k–q,0 will be involved in optical transitions, resulting
in a large net current.1,6 Near resonance the PDE current can
be enhanced by almost three orders of magnitude.

The momentum relaxation rates in the theories of Refs.
1,2,5,6 was actually identified with the inverse lifetimes of
the corresponding subbands; i.e., no distinction was made
between population relaxation, polarization relaxation, and
momentum relaxation.26 In particular, the important mecha-
nism of momentum relaxation due to quasielastic collisions
with impurities, which does not affect the lifetime~as does
phonon emission!, was not taken into account in Refs.
1,2,5,6. These collisions play a significant role for LID in
general12,14,26and, in particular, they are important for LID
when interband transitions are excited in solids at large pho-
ton energy.

To summarize, LID in solids has, so far, been studied
mostly for 2DEG’s in semiconductors and, for the cases con-
sidered above, in bulkp-type Ge. LID experiments in these
systems usually require infrared lasers and low temperatures.

It is possible to broaden the class of systems in which
light-induced kinetic effects can be observed and applied. In
particular, it is worth considering effects that originate
through arbitrary interband transitions~including those
which can be excited by light in the visible range! in semi-
conductors and in other solids.

In a recent paper27 we extended the previous treatments of
LID to include electrons in metals. In this case, the electron
transitions occur between two conduction bands which can
be nonparallel. In contrast to the case for subband transitions
in semiconductors, the nonparallelism is always significant
for interband transitions, even ifm15m2 , since the edges of
the conduction bands are typically located in different points
of k space. Accordingly, the dispersion relations are signifi-
cantly different for different electron bands. For example, in
the perfectly-free-electron modelE1(k)5(\2/2m)k2,E2(k)
5(\2/2m)(G6k)2 and, therefore, one finds that the inter-
band energyE2(k)2E1(k)5(\2/2m)(G262k–G) strongly
depends on the electron momentum (6G are the reciprocal-
lattice vectors which generate the second band!. This brings
up a significant difference between LID in metals and in
2DEG’s ~or gases!. The width of an absorption contour as-
sociated with an interband transition is usually very large.
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Nevertheless, the selectivity of electronic excitation with re-
spect to the projection of the electron momentum~velocity!
on the wave vector of the incident light occurs even in this
case, the key points being the following:~1! Because of dis-
persion, the probability of interband electron transitions de-
pends on the crystal momentum of the electron, i.e., on its
velocity. ~2! The frequency of light observed by electrons
moving with and against the light propagation direction is
different because of the Doppler shift. Consequently, elec-
trons having different momenta are excited according to the
direction of their momenta relative to that of the light.~3!
The dependence of the interband transition probability on the
frequency~and, because of the Doppler effect, on the elec-
tron momentum! can be very strong, especially near the band
gap. The resulting asymmetry of excitation together with the
difference in electron mobilities in the excited and ground
bands leads ultimately to LID. It is also important that de-
spite the nonparallel character of the electron bands the effi-
ciency of the direct~vertical! interband excitation can be
high enough since, in this case, two of the three momentum
projections of the excited electrons can vary over a wide
range.

Recently a number of interesting papers has appeared re-
porting on the photon drag effect~PDE!. Keller28 considered
the PDE in a single-level metallic quantum well, and the
observation of the photomagnetism of metals which is partly
due to the PDE was reported by Gurevichet al.29 Also an
important contribution to surface current in metals due to the
anisotropy of electron transitions induced by light in combi-
nation with diffuse reflection of the electrons at the surface
was analyzed by Gurevich and Laiho.30 ~One can find more
references to the earliest papers on PDE and related phenom-
ena in Ref. 30!.

In the present paper we develop a general approach for
considering and understanding light-induced drift in solids.
Its principle distinctive features are dependence on optical
excitations, which are selective with respect to the particle
momentum, and an internal state-dependent momentum re-
laxation. The theory is developed in Sec. II on the basis of
the generalized Boltzmann kinetic equations. These equa-
tions take into account the light-induced perturbation of the
equilibrium distribution. In Sec. III the theory of LID is fur-
ther developed with an emphasis on light-induced kinetic
effects resulting from interband transitions. We predict that
these effects can be obtained experimentally in many cases at
room temperature, using lasers generating coherent radiation
in the near-infrared, visible, and ultraviolet range of the spec-
trum. A general formula describing the LID current in an
arbitrary material is derived in Sect. III. Within the two-
orthogonalized-plane-wave approximation, the theory is spe-
cific to materials with an energy gap; it is applicable particu-
larly to metals and builds upon our preliminary results.27 We
consider the conditions for optimizing light-induced kinetic
effects. A formula describing the spectral dependence of LID
with excitation near the energy gap is derived and discussed.
In Sec. IV, we consider effects due to indirect electron tran-
sitions. Light-induced diffusion flow~LIDF! resulting from a
nonuniform intensity distribution due, for example, to attenu-
ation is discussed Sec. V. Quantitative estimates are pre-
sented in Sec. VI. Two experimental observations27 of the
manifestation of LID in rough silver films are discussed in

Sec. VII. Further discussion is presented in Sec. VIII where
the relative magnitudes of light-induced kinetic effects in
various materials such as metals, semimetals, and insulators
are compared.

II. LIGHT-INDUCED KINETIC EFFECTS IN SOLIDS:
ANALYSIS OF GENERALIZED BOLTZMANN KINETIC

EQUATIONS

We begin by considering the action of a traveling wave on
electrons and/or holes capable of absorbing the light through
interband transitions in solids. Since the photon momentum
is negligibly small compared to the electron momentum,
only k-conserving interband transitions take place. These are
known as direct or vertical transitions.~We neglect at this
point electron transitions assisted by phonon absorption or
emission; see Sec. VIII.! Thus, the photon momentum affects
electron excitation primarily through the Doppler relation de-
termining the group momentum of particles excited by pho-
tons. Additionally, the slight nonvertical nature of the exci-
tation due to light pressure is also neglected. Under
optimum conditions for LID, the macroscopic momentum
of the electron drift is of the order of the particle moment-
um, ;\k, while the nonvertical character of the optical
transition associated with light pressure produces correc-
tions to LID which are smaller by a factor;\q/\k;1023 –
1022.4,12,14,27

We consider two bands~1 and 2! with energiesE1(k) and
E2(k), respectively. The dynamics of a particle~chargee)
interacting with field« within the one-electron approxima-
tion is described by the following Boltzmann equation:

F ]

]t
1vk–“r1~e/\!«–“kG f ~k!5S~k!, ~1!

where f (k) is the particle distribution function which de-
pends on velocityvk5\21¹kE(k), position vectorr , and
time t andS(k) is the collision integral. The space and time
evolution of excited particles (i52) is described by the gen-
eralized Boltzmann equation, which includes the term de-
scribing interband transitions induced by light of intensityI
and characterized by an excitation cross sections(v8,k),

F ]

]t
1vk–“r1~e/\!«–“k1G2G f 2~k!

5S2~k!1Is~v8,k!@ f ~k!22 f 2~k!#. ~2!

The particle distribution functionsf i(k) and collision inte-
grals Si(k) in the two bands,i51 and i52, satisfy the
equalities

S~k!5S1~k!1S2~k!, ~3!

f ~k!5 f 1~k!1 f 2~k!. ~4!

Excited states in band 2 decay to states within band 1 at a
rate G2 . We will assume that all bands below band 1 are
occupied so that no relaxation to states lower than those of
band 1 takes place. The decay rateG2 includes band-to-band
(2→1) spontaneous relaxation and relaxation due to inelas-
tic collisions. Nonradiative decay to optical phonons is usu-
ally unimportant in cases such as ours when the photon en-
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ergy is much larger than typical phonon energies. The
collision integralsSi(k) in ~1! and ~2! can include, in prin-
cipal, all possible collisions except those which result in the
2→1 interband relaxation which are included inG2 . We
assume, however, that the dominant momentum relaxation
mechanism involves quasielastic collisions for which the
collision-induced energy change is relatively small, so that
DE!E,\v. ~However, the change in momentum direction
can be significant.! This is a realistic model, especially in
cases where light particles are scattered by heavy particles
such as impurities. These kinds of collisions are also the ones
most likely to result in large differences in the scattering
rates in the two bands and, therefore, in a large net current.26

Additionally, the dominant contribution of the quasielastic
collisions allows one to neglect the possible momentum de-
pendence ofG2 .

The quantity« in ~1! and ~2! is the sum of the external
field and the field due to the light-induced nonuniform redis-
tribution of charged particles inside the sample. The effi-
ciency of interband transitions induced by light of intensity
I is characterized by an excitation cross sections(v8,k)
defined per unit photon energy. Ins(v8,k) we take into
account the Doppler shiftq–vk of the radiation frequency
v8[v2q–vq . I andq are the local intensity and wave vec-
tor inside the sample.

If we assume that the light excites only a small fraction of
the particles so that the departure from equilibrium is small
and a linear approximation can be used, thenf 2! f 1 and,
therefore,f (k)' f 1

(0)(k). The interband contribution to the
imaginary part of the dielectric constante5e81 i e9 can,
then, be approximated by

e95\cE s~v,k! f 1
~0!~k!dk. ~5!

The conservation of the number of particles in a band
requires that

E Si~k!dk50, ~6!

since quasielastic collisions described bySi do not result in
band-to-band relaxation.

The frictional force per unit volume acting on the par-
ticles in thei th band is defined by the expression

Fi5miE Si~k!vkdk, ~7!

and the total forceF acting on the particles consists of two
partial forces,F5F11F2 , which refer to the scattering of
particles in the upper and lower bands. Within the linear
approximation,Fi}2ui whereui is the macroscopic velocity
of the particles in thei th band. Thus one can write

Fi /mi52n i j i /e, ~8!

wheree is the particle charge andj i , the current per unit
surface area in thei th band, is given by

j i5eE vk f i~k!dk, ~9!

andmi andn i are the effective particle mass and the scatter-
ing rate in thei th band, respectively. The total particle cur-
rent is given by the sum of the partial currents in the two
bands,

J5 j11 j2 . ~10!

Using Eqs.~1! and ~2!, we will develop below a set of
balance equations for the charge and momentum. With no
externally applied voltage,«5«(0)1¹ rf where«(0) is the
external oscillating field andf is the potential resulting from
the light-induced modification of the equilibrium distribution
of the carriers. The term}«(0) vanishes after averaging over
a period of oscillation. Within the linear approximation, the
nonequilibrium term¹ rf will be small, and the approxima-
tion (e/\)«–“k f (k)'(e/\)«–“k f

(0)(k) is valid. Integrating
in ~1! over k and taking into account the symmetry of the
equilibrium distribution function,f (0)(k)5 f (0)(2k), the in-
tegral of¹k f

(0)(k) overk gives zero. We therefore conclude
that the term proportional to« can be neglected, and the
continuity equation governing the total particle charge is re-
covered:

e
]N

]t
1“ r–J50. ~11!

HereN[N(r )5N1(r )1N2(r ) is the nonequilibrium, light-
induced, particle concentration~the time derivative of the
equilibrium density number is zero!.

If the terms in~1! are multiplied byvk and the integration
over k is performed, the contribution of the term propor-
tional to « can no longer be neglected. However, the diffu-
sive contribution*vk

2¹ r f (k)dk can be neglected in compari-
son with the field term (e/\)«*vk–“k f (k)dk, provided the
scale of the spatial nonuniformity is much larger than the
lattice constant. Ifm1Þm2 , momentum conservation re-
quires that the particle velocity changes when absorbing a
photon so thatvk

(1)m15vk
(2)m2 . Taking this into account and

using~7!–~10!, one obtains the macroscopic momentum bal-
ance equation

]J

]t
1n1sc¹ rf5

n1m12n2m2

m1
j22n1J, ~12!

where the potential differencef is related to the nonequilib-
rium particle distribution by

f5eE N~r 8!

ur 82r u
dr 8. ~13!

The particle conductivitysc in ~12! is defined in the usual

way: sc5
1
3 n1

21e2*v2¹Ef
(0)(k)dk. ~For the sake of sim-

plicity we assume thatsc is a scalar.!
Note that, if there is no momentum-selective particle ex-

citation ~i.e., j250) or if excitation does not change the par-
ticle mobility ~i.e., if n1m15n2m2), then Eq.~12! describes
conventional electrical transport. A nonzero currentJ can
then appear only when an external voltage is applied.

The source term for the current of the excited particles,
j2 , is the term in~2! proportional toIs(v8,k). The contri-
bution toj2 of the ‘‘field’’ term in ~2!, }(e/\)«–“k , appears
as the response to the light-induced redistribution of charges
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resulting fromj2 and, accordingly, this gives a nonzero con-
tribution to j2 only as a second-~or higher-! order perturba-
tion. We will neglect this term. The diffusive term
(}vk–“r) can, in principle, contribute to LID in first order,
provided there is a strong light intensity gradient in the
sample. For the sake of simplicity we will neglect the diffu-
sive term in~2! and ascribe a relatively small spatial depen-
dence to the light intensity.~The effect resulting from a rapid
attenuation of the light in the sample, LIDF, will be dis-
cussed in Sec. V!. Thus, multiplying~2! by vk and integrat-
ing overk, in the linear approximation one obtains

F ]

]t
1G21n2G j25IeE vks~v8,k! f 1

~0!~k!dk. ~14!

It is clear from~14! that j2Þ0 only if the excitation cross
sections(v8,k) has an asymmetrical dependence on the
particle velocityvk . This requirement is fulfilled because the
Doppler effect provides velocity-selective excitation.

From the expression for the total forceF,

eF52n1m1j12n2m2j25~n1m12n2m2!j22n1m1J,
~15!

it follows that, if the radiation induces a currentj2 , the force
F and the particle currentJ cannot simultaneously vanish
provided thatm1n1Þm2n2 . If the particle system was pre-
viously at equilibrium, then upon turning on the fieldJ50
initially, but as the upper band becomes populated a current
j2 is produced, and with it a nonzero forceF, which in turn
produces the net currentJ. After a certain time a steady-state
flow of carriers is established in a closed circuit with

F50, J5
n1m12n2m2

n1m1
j2 . ~16!

With an open circuit a steady state potential difference is
eventually established such that@see Eq.~12!#

J5JLID1Jf50, ¹ rf5
n1m12n2m2

n1m1
j2 /sc5JLID /sc .

~17!

In this case the LID currentJLID is exactly compensated by
the currentJf caused by the electrostatic potential difference
resulting from the light-induced nonequilibrium distribution
of particles in the sample.

If the entire system is considered to be composed of the
particles and the lattice~including impurities!, there will be
no momentum or energy transfer from the radiation to the
system~neglecting light pressure!. The particle current re-
sults from the light-induced momentum exchange between
particles and the lattice@see~7! and~12!# which also results
in a decrease in the entropy of the system at the expense of
an increase in the entropy of the light. The effect is to create
a directed particle flow from an initially chaotic distribution
while at the same time the initially directed light is scattered
isotropically. Thus, LID results from the exchange of en-
tropy between the light and the medium rather than from
radiation pressure. And, in spite of the fact that the Doppler
effect depends on the photon momentumq, neither the av-
erage magnitude of the acquired particle momentum nor its
sign have anything in common with the momentum of the

absorbed photons. Likewise the forceF acting on the par-
ticles and the equal and opposite force operating on the lat-
tice are also due to the entropy transfer between photons and
particles. In some sense the light acts as ‘‘Maxwell’s de-
mon,’’ selecting particles based on their velocities.

III. THEORY OF THE LIGHT-INDUCED DRIFT
OF ELECTRONS

In the previous section we did not consider the kinetic
equation for the off-diagonal elements of the density matrix;
instead we used the corresponding cross sections deter-
mined by those elements. In general, off-diagonal elements
characterize the light-induced coherence~polarization! be-
tween quantum states within the two bands. The coherence
relaxation rateG, which, in general, includes a contribution
from the spontaneous and the collision-induced coherence
decay, must be calculated on the basis of the specific form of
the collision integral. We will restrict our treatment to the
case of homogeneous broadening (G@qv) when the asym-
metry in the excitation of electrons moving with and against
the light is relatively small. The excitation cross section
s(v8,k) is given by

s~v8,k!}ImF uV1,2~k!u2

E2~k!2E1~k!2\v82 iG G , ~18!

which can be approximated for the case of homogeneous
broadening by

s~v8,k!'s~v,k!2q–vk
]s~v,k!

]v
. ~19!

Using ~14!, ~16!, and~19!, the steady-state current becomes

JLID52q
n1m12n2m2

n1m1

eI

G21n2

]

]vE vq
2s~v,k! f 1

~0!~k!dk.

~20!

SinceE@\G, the Lorentz factor in~18! can be replaced by
a d function, i.e.,s(v,k)}d@E2(k)2E1(k)2\v#. Thus,
the transitions between two bands are restricted to the sur-
face of constant interband energy,u(k)5E2(k)2E1(k)
2\v50.

Through the formula

E vq
2s~v,k! f 1

~0!~k!dk5v0
2E s~v,k! f 1

~0!~k!dk, ~21!

we definev0 as a characteristic velocity projection on the
wave vector which lies on the surfaceu(k). Using ~5! and
~21! one may rewrite~20! as follows:

JLID52
q

q

n1m12n2m2

n1m1
~ev0!

qv0
G21n2

F I\c ]e9

]v G , ~22!

which is a general formula describing LID in an arbitrary
solid. According to~22!, the net electron current is directed
along the wave vector, with or against the light depending on
the values of the parameters in the equation. LID is observed
only when the particle mobility is different in the two bands.
Within the approximation used, the formula also contains the
term qv0 /(G21n2), characterizing the~nonequilibrium!
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electron mean free path in the upper band as a fraction of the
light wavelength. When this parameter is small a moving
particle will not feel the full effect of the wave properties of
the light, leading to a decreased Doppler effect. The effi-
ciency and selectivity of the excitation is determined in~22!
by the derivative of the imaginary part of the dielectric func-
tion with respect to frequency.

Let us now make the general approach developed above
more specific by assuming the nearly-free-electron model,
which is applicable, for instance, to metals. If the band gap at
the zone boundary is not small, one must take explicit ac-
count of the nonspherical nature of the energy surfaces. The
dispersion relations for the conduction bands of metals are
adequately described within the two-orthogonalized-plane-
wave ~2OPW! approximation by31

2E1,25b@~k1G!21k2#7$b2@~k1G!22k2#214uVGu2%1/2,
~23!

where b5(\2/2m),6G are the reciprocal-lattice vectors
which generate the second band, andVG is the Fourier com-
ponent of the pseudopotential (2uVGu is the energy gap!. The
surface of constant interband energy is given by

Q~k!5E2~k!2E1~k!2\v8

5b~62k–G1G2!

2@~\v7qvq!
224uVGu2#1/2

50, ~24!

wherevq is the velocity projection on the wave vectorq.
The minus and plus signs in6k–G correspond to the two
opposite directions of the reciprocal-lattice vectorG, and the
minus and plus inv8 correspond to electrons moving with
and against the light, respectively. If the wave vectorq is
assumed to be parallel to the vectorG, then expending~24!
in terms of a small parameterqvq , one can see that the
surfaces of constant interband energy are planes that lie par-
allel to the zone boundaries~see Fig. 1!. The crucial point is
that the distances of the planes are not equal with respect to
the origin of momentum space,k50, owing to the Doppler
effect. As a result, when the system is illuminated, causing a
slight increase~decrease! in the population in the upper
~lower! bands, this process will be unequal for electrons trav-
eling with and against the wave vectorq since they involve
electrons of somewhat different momenta.

The geometry of the planes given by~24! in the limit of
small q–vq and the surfacesE15E and E25E1\v8 are
presented schematically in Fig. 1. Electron excitation takes
place within an energy intervalEmin,E,EF , whereEF is
the nearly-free-electron Fermi energy. The low-energy cutoff
Emin , corresponding to the pointsc and c8 in Fig. 1 and
assuming\qvk!Emin , is given by32

Emin5
1

2
mv0

25
~\v2bG2!224uVGu2

4bG2 . ~25!

According to Fig. 1, all electrons which can be excited by
radiation have the same velocity projection onq. Thus v0
defined by~21! has the simple form in this case given by
~25!.

The imaginary part of the dielectric constante9 has the
form32

e95
2e2

3\4v4

nGGuVGu2

12g
~EF2Emin!, ~26!

where

g512H 12
4uVGu2

~\v!2 J 1/2, ~27!

and nG is the number of physically equivalent planesG.
Using ~22! and~25!–~27!, one obtains the following expres-
sion for the steady LID current in metals:

JLID52
q

q

n1m12n2m2

n1m1
~ev0!

qv0
EF /\2Emin /\

3F G2

G21n2

I e9

c\G2
GF~v!, ~28!

where the spectral functionF(v) is defined by

F~v!54
EF2Emin

\v F11
uVGu2

~\v!224uVGu2G1
1

2 S \v

EG
21D .

~29!

The physical meaning of formula~28! may be clarified as
follows. At steady state the concentration of excited elec-
trons,N2 , is given byN25(I e9)/(\cG2). The nonequilib-
rium distribution of the excited electrons will decay with a
rateG2 due to the interband relaxation and with raten2 due

FIG. 1. Geometry of the constant energy surfaces for optical
transitions at photon energy\v in the 2OPW approximation.G is
the reciprocal-lattice vector which generates the second band;
kp[ki is the momentum projection onG. F indicates the Fermi
surface; pointc ~or c8) definesEmin ~see the text!. The vertical
dashed lines represent the planes of constant interband energy and
the curves labeledi and f ~or f 8) indicate the surfaces
E5Ei[E1 andEf[E25E1\v which correspond to initial~i! and
final ~f! states, respectively. Direct transitions are permitted only for
states lying on the disks whose diameters are represented byAB
andA8B8. The asymmetry in the disks location with respect to the
origin of momentum space is due to the Doppler effect.
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to quasielastic collisions, ultimately resulting in the equili-
bration of the excited states. The ratioG2 /(G21n2) ex-
presses the fraction of excited electrons which remain in a
nonequilibrium state and therefore contribute to the current.
Accordingly, the term in square brackets in~28! represents
the number density of excited nonequilibrium electrons. The
term (qv0)/@EF /\2Emin /\# characterizes the selectivity of
excitation with respect to electrons moving with and against
the light. Formulas ~28! and ~29! are valid only for
(\v22uVGu)@\G@kv0 and accordingly the selectivity
term is small within this approximation.

When (\v22uVGu)→\G the LID increases dramatically
because the selectivity of the excitation with respect to coun-
terpropagating electrons is significantly improved in this
case. In order to calculate the efficiency of the excitation in
the threshold region one needs to take into account the modi-
fication ofe9 due to the relaxation processes. In the constant
matrix element approximation,e9 is given by32

e95
e2nGG

2uVGu2

3pm2v4 E8
dkd„Q~k!…, ~30!

where the prime on the integral denotes that the integration is
to be performed only over those portions ofk space for
which E2.EF.E1 . @Formula~26! follows from ~30! when
integrating overk.# Hereafter we assume that the thermal
energykBT is much less than any of the other energy param-
eters involved in the problem. Accordingly, the Fermi-Dirac
distribution f 1

(0) can be approximated by a step function.
First, we integrate in~30! overd2k' , the momentum pro-

jections which are perpendicular to the reciprocal-lattice vec-
tor G. Then, in the remaining integration overdki , the mo-
mentum projections parallel toG, we expresski in terms of
j[E12E2 using Eq.~23!, and obtain

e95e09E
2`

`

dj
j

Aj224uVGu2
d~j2\v!, ~31!

where

e095
2e2nGGuVGu2

3\4v4 ~EF2Emin!

is the imaginary part of the dielectric functione9 when
\v@2uVGu, i.e., wheng'0 @see Eqs.~26! and ~27!#. The
integration in~31! gives formulas~26! and ~27!.

In the first approximation, the relaxation processes can be
easily taken into account if thed function in Eq. ~31! is
replaced by the Lorentzian (\G/p)@j21(\G)2#21. Per-
forming the integration, we obtain

e95e09R~\v!, ~32!

where the relaxation functionR(x) is defined as

R~x!5
x/A2

@~x22x0
2!214g0

2x2#1/4

3S 11
x22x0

0

@~x22x0
2!214g0

2x2#1/2D
1/2

,

Hereafter, we use the notationx[\v,x0[2uVGu,g0[\G
@g0 should not be confused withg in Eq. ~27!#.

In the limit (\v22uVGu)@\G formula ~32! converts to
~26! and ~27!. The functionR(x) in ~32! has the strongest
dependence onv and its contribution to]e9/]v in ~22! is,
therefore, the largest.~Thus, in the vicinity of the energy
gap, we neglect the term}]e09/]v.) Substituting~32! to
~22!, one obtains

JLID5
q

q

n1m12n2m2

n1m1
~ev0!

qv0
G F G2

G21n2

I e09

c\G2
GL~\v!,

~33!

where

L~x!5R~x!
g0
2x0

2

~x22x0
2!214g0

2x2 Fx22x0
2

g0x

2S 11
x2

x0
2D 2g0x

@~x22x0
2!214g0

2x2#1/21x22x0
2G .

~34!

FIG. 2. Relaxation functionR(x) ~a! and LID spectral function
L(x) ~b! for \G50.1 eV ~solid lines! and \G50.2 eV ~dashed
lines! at 2uVGu[x054 eV (x[\v). The function L(\v)
(}dR/dv) describes the frequency dependence of LID excited in
the vicinity of the energy gap.
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Comparing~33! with ~28! one can see that the selectivity
parameterkv0 /G in ~33! is significantly larger than its coun-
terpart (qv0)/@EF /\2Emin /\#, in ~28!. If kv0 /G;1, the
excitation is strongly selective with respect to electron direc-
tion. The high selectivity becomes especially obvious when
\v is just slightly less than the gap energy 2uVGu and only
electrons moving against the light can be excited, provided
that\v1qv>2uVGu. To some extent this particular case of
selective excitation is similar to that considered in Refs. 2,6
for bulk p-type Ge.

The functionL(\v)}dR/dv determines the spectral de-
pendence of the LID current excited in the vicinity of an
energy gap. Plots ofR(x) and L(x) for various values of
g0[\G are presented in Figs. 2~a! and 2~b!, respectively.
L(x) has a strongly asymmetrical dependence onx2x0
[\v22uVGu and can take on both positive and negative
values, suggesting that the current can be directed with or
against the light depending on the frequency.L(x) is zero at
some small positivey5x12x0 (y;g0); L(x).0 for x
.x1 and L(x),0 for x,x1. With negative detuning, it is
the electrons moving against the light that are the more ex-
cited andL(v) is negative, and the current flowJ LID in ~33!
is directed withq if n2m2.n1m1 . The opposite occurs for
positive detuning~whenx.x1).

IV. LID DUE TO INDIRECT ELECTRON TRANSITIONS

For some materials, optical excitation involves indirect
~nonvertical! transitions which do not conserve electron mo-
mentum. Since light penetrates metals only slightly, so that
the radiation probes only a few atomic layers near the sur-
face, there is symmetry breaking which may result in the
relaxation of the optical selection rules. In that case, indirect
transitions, which do not conserve the projection of momen-
tum normal to the surface, may be important for some inter-

band optical transitions.32 ~However, even for a small light
penetration depth, direct transitions can still play the domi-
nant role at certain photon energies. This was shown to be
the case in photoemission from Ag films.32,33! Indirect opti-
cal transitions are particularly important in the case of rough
metal films when localized surface plasmon~LSP! excita-
tions are induced in roughness features. This excitation re-
sults in local fields with a strongr23 spatial dependence that
breaks translational invariance and acts as a continuous
source of momentum.33

It is clear that the energy interval and the number of states
in k space available for optical excitation are different for
electrons moving with and against the light, again due to the
Doppler effect. Therefore, one expects that even for indirect
surface-assisted transitions LID can be observed.

We use the spectral variable x5x2x05\v
22uVGu. Note that the energy gap 2uVGu can have different
values in the vicinity of a surface as compared to the bulk.
This possibility can be taken into account by renormalizing
2uVGu. In the constant matrix element approximation, the
concentration of excited electrons is proportional to the vol-
ume ofk space allowed by the energy conservation require-
ment:

G2N25AE
@~EF2X!/b#1/2

~EF /b!1/2

dk'E
0

~EF /b2k'
2

!1/2

2pkidki ,

~35!

whereA is a coefficient of proportionality~depending on the
matrix element! and k' and ki are momentum projections
normal and parallel to the surface, respectively.

The flux of excited electrons is nonzero when the Doppler
effect is taken into account. The Doppler effect modifies the
volumes ofk space involved in the excitation of electrons
moving with and against the light. Using~14!, in the steady-
state limit one finds

~G21n2!j25A
q

q
eE

@~EF2X!/b#1/2

~EF /b!1/2

dk'H E
0

~EF /b2k'
2

!1/2S \

m
kqD dkqE

2@EF /b2k'
2

2~kq
2
22qkq!#1/2

@EF /b2k'
2

2~kq
2
22qkq!#1/2

dky

1E
2~EF /b2k'

2
!1/2

0 S \

m
kqD dkqE

2@EF /b2k'
2

2~kq
2
12qukqu!#1/2

@EF /b2k'
2

2~kq
2
12qukqu!#1/2

dkyJ , ~36!

wherek'[kz andkq[kx . Integrating in~35! and~36! using
the steady-state equality

G2N25
e9I

\c
, ~37!

one obtains

j25
1

2

q

q
~evF!

qvF
EF /\

F G2

G21n2

e9I

\G2c
G , ~38!

where the Fermi velocityvF is defined byEF5 1
2 mvF

2 .
Using ~16! and ~38! one ultimately arrives at the follow-

ing expression for the steady-state current:

JLID
~ ind!5

q

q

n1m12n2m2

2n1m1
~evF!

qvF
EF /\

F G2

G21n2

e9I

\G2c
G ,

~39!

which suggests that the direction of the electron flow is op-
posite to the direction of the photon flux whenn2m2
.n1m1 .

The frequency dependence of LID due to indirect electron
transitions is obtained by integrating in~36!:

JLID
~ ind!}

2

3
EF
3/22EF~EF2X!1/21

1

3
~EF2X!3/2, ~40!

which becomes
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JLID
~ ind!}~\v22uVGu!2 ~41!

for excitation near the energy gap. Comparing~33! and~39!,
we conclude that the selectivity of electron excitation with
respect to electron velocity is significantly less for indirect
transitions. Accordingly, in the vicinity of the energy gap,
LID for direct transitions is larger by a factorEF /(\G) than
for indirect transitions.

V. LIGHT-INDUCED DIFFUSIVE FLOW OF ELECTRONS

Light-induced diffusive flow~LIDF! of electrons arises
when the spatial distribution of the light intensity in the me-
dium is strongly nonuniform. Light penetration in metals is
typically a few tens of nm~e.g., for Ag the penetration depth
is less than 20 nm atl5500 nm!. The intensity changes
significantly over this distance, resulting in large light inten-
sity and particle concentration gradients in the upper and
lower bands. Large diffusive flows of unexcited and excited
electrons would then appear along and opposed to the inten-
sity gradient, respectively. If the electron mobilities in the
two bands are different, then a net LIDF electron current,
similar to the LID current considered above, will be induced
by the light. In many cases the current due to LIDF may
significantly exceed that due to LID. Additionally, LIDF can
occur in the direction normal to the laser beam since the
intensity gradient can be large in this direction. LIDF, like
LID, results from the entropy exchange between particles
and photons rather than from direct momentum transfer by
the light. Note that LIDF is the analog of light-induced pull-
ing in gas kinetics.14,17

LIDF results from the spatial gradient¹ r term in ~2!.
Multiplying the equation byvk and integrating results in~in
the steady state!

~G21n2!j21
1

3
ev2

2¹ rN2~r !52~G21n2!i, ~42!

where i is the current associated with the velocity-selective
excitation,

i52
1

G21n2
eE vks~v8,k!dk, ~43!

andv2
2 is the average square velocity in the upper band,

E v2f 2~k!dk[
1

3
v2
2E f 2~k!dk5

1

3
v2
2N2 . ~44!

According to~16! and ~22!,

i5
q

q
~ev0!

qv0
G21n2

F I\c ]e9

]v G , ~45!

which, in the vicinity of the energy gap, is more specifically
given by @see~33!#

i52
q

q
~ev0!

qv0
G F G2

G21n2

I e9

c\G2
GL~v!. ~46!

Using ~16!, ~37!, and~42! one ultimately obtains the cur-
rent

J52
n1m12n2m2

n1m1
H i1eD2

e9

\G2c
¹ rI J , ~47!

whereD2 is the diffusion coefficient for the electrons in the
upper band:

D25
1

3

v2
2

G21n2
. ~48!

Thus, there are in general two sources to the net electron
current: The first is due to the velocity-selective excitation
associated with the Doppler effect~‘‘LID source,’’ i) and the
second to the nonuniform spatial distribution of excited elec-
trons ~‘‘LIDF source,’’ }¹ rI ). When the light intensity is
nonuniformly distributed in the sample both LID and LIDF
would occur simultaneously.

VI. ESTIMATES

We will now present some numerical estimates of the
magnitude of the LID effect. The crucial parameter is the
relative difference in the mobility of the particles,
m i5e/(n imi), in the two bands@see~22! and ~33!#. In gen-
eral, the difference would be significant because the mass
and the particle scattering rate depend strongly on the quan-
tum state. When the lower band of a pure material is filled
~as in semiconductors and insulators! the scattering rate in
that band is expected to be lower than in the upper band by
a factorE/kBT@1.

Within the approximations used thus far,G/qv0 should
be small. However, even forG/kv0;1 formula ~33! would
still provide a good estimate of the magnitude of the
effect. In calculating this we will assume that the product
(unm12nm2u/nm1)3(kv0 /G);1. The function L(v) in
~33! and ~34! is also of the order of unity under optimum
conditions~see Fig. 2!.

Equation~33! indicates that it is the factorG21n2 in the
denominator which will affect the current strongly. To make
this parameter small, thereby increasingJLID , one needs to
decrease the scattering raten2 by using materials of high
purity and, perhaps, by operating at low temperatures; both
tend to reduce scattering processes. Note that the relative
difference in electron mobility in the two bands remains un-
changed whenn1 andn2 are decreased by the same factor.
The quantityG21n2 can vary over a wide range from 109

s21 (n2<G2) to 1013 s21 (n2@G2) depending on the scat-
tering rate. Thus one concludes that the optimum conditions
for LID exist when the absolute value of the scattering rate is
low (n2<G2) while the relative values of the particle mo-
bilities in the two bands differ significantly.

Assuming v0;108 cm/s, e09;1, L(v);1, u(n1m1

2n2m2)/(n1m1)u3qv0 /G;1021, and (G21n2);1010–
1014 s21, we estimate the current density~per unit intensity!
from ~33! to be in the rangeJLID/I;1022–102 A/W.

In an open circuit the estimated current density would
result in a potential differenceDf5 lJ/(N0em) across an
illuminated sample of lengthl , whereN0 is the electron
density, in the rangef;1028–1024 V for I51 W/cm2 and
l51 cm and for typical values ofN0 and electron mobility
m;e/mn;104 ~CGSE!. The parameters used are typical of
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metals. Since optical depth of metals is of the order of 102 Å,
the current is expected to be in the range 1028–1024 A. The
predicted magnitude of the effect is large enough that mea-
surable currents are possible even with cw radiation fluxes in
the 1 W/cm2 range.

The resistivityr;(N0em)21 for semimetals or insulators
can be many orders of magnitude larger than for metals.
Since the LID current density for various materials is similar
in magnitude under optimum conditions, the potential differ-
ence across a sample (}r ) can be much larger for materials
with low conductivity than for metals~see also Sec. VIII!.
Consequently, a LID voltage in the range 1022–1021 V may
be obtainable, for example, for semimetals.

VII. EXPERIMENTAL STUDIES OF LID IN METALS

Two experimental observations provide evidence for the
existence of LID in metals. They are both based on the com-
parative photoelectric response between well-annealed Ag
films ~smooth films! and Ag films deposited onto a low-
temperature substrate so that roughness features are gener-
ated ~rough films!. The first observation, although compel-
ling, is indirect. It emerges from the examination of the
angle-of-incidence dependence of thetotal photoemission
yield from the two types of Ag films. The second observation
is more direct, consisting of the detection of an asymmetric
angular distribution of photoelectrons excited above the
vacuum level of the metal by obliquely incident light. We
associate this asymmetry with the asymmetric current flow
characteristic of LID.

One-photon and two-photon electron emission from rough
and smooth Ag films was previously reported.34 In one set of
measurements a pulsed nitrogen laser operating at 3.7 eV
was used to record the one-photon signal. This was done by
lowering the work function of the Ag films from their normal
values~4.3 eV for smooth and 4.2 eV for rough films! to
values below 3.7 eV by exposure to background molecules
in the vacuum system. It was found that the photocharge was
linearly dependent on the laser pulse power and independent
of the degree of focusing of the light on the sample, thereby
confirming that the photoemission was a one-photon process.
Within the vacuum chamber the photocurrent was detected
using a heavily biased wire placed in front of the sample as
the collector. The sample could be rotated about thez axis,
perpendicular to the horizontal plane, thereby allowing one
to record the effect of varying the incidence angle of the
exciting laser fors andp polarization. The relative quantum
yield Y was recorded as the photoemission current normal-
ized to its value at normal incidence. For a smooth Ag film
the data are shown in Fig. 3~a! for boths andp polarization
of the incident radiation field. The two lines drawn through
the data points of Fig. 3~a! correspond to the radiative absor-
bance calculated based on the reflectivity (R) data for bulk
Ag using known optical constants and the appropriate
Fresnel reflectance coefficients. Clearly, the relative quantum
yield as a function of incidence angle follows the angular
dependence of the absorptivity of the material, 12R, calcu-
lated fors andp polarization. The smooth Ag film therefore
behaves as bulk Ag. This result is further supported by other
measurements, especially energy-resolved photoemission
measurements on Ag that clearly indicate the predominance

of direct ~momentum conserving! transitions.33

In contrast, the angular-of-incidence dependence of the
relative quantum yield for a rough, cold-deposited, Ag film
@Fig. 3~b!# does not follow the reflectivity behavior seen for
smooth Ag films. The data points in Fig. 3~b! cannot be
explained on the basis of the 12R curves alone@the lines
drawn through the points of Fig. 3~b! are an aid to the eye#.
However, it is possible to represent the behavior of the data
in Fig. 3~b!, with an additional polarization-independent an-
gular factor f (u), which differs from unity only for rough
Ag films. Thus, photoemission from a smooth film is char-
acterized byYsmooth}(12Rs,p) while for a rough Ag surface
Yrough}(12Rs,p) f (u). The angular factorf (u) can be ex-
tracted from the ratioYrough/Ysmooth5 f (u). The result is
shown in Fig. 4. The functionf (u) was also extracted from
s- and p-polarized two-photon excited photoemission from
rough silver surfaces~see below!. These values are also pre-
sented in Fig. 4.

We believe that LID provides additional channels for
electron escape from a rough surface that are not available to
a smooth surface. This point is pictorially presented in Fig. 5
where electron escape from a hemispherical surface boss is
considered.

The rough surface may be considered to be a collection of
a large number of protrusions. An excited electron experi-

FIG. 3. Relative quantum yields of one-photon photoelectron
emission from smooth~a! and rough~b! Ag films as a functions of
the angle of incidence,Q. Open circles are fors-polarized light and
open triangles are forp polarization. The lines in~a! are calculated
based on the known angular dependence of the reflectivity of Ag.
The lines in~b! are guides to the eye. The scale of~a! and~b! are in
equivalent units.
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ences many quasielastic collisions diffusing to the metal-
vacuum interface. LID provides an additional component for
delivering excited electrons to a lateral surface of a rough-
ness feature. Despite the fact that the LID macroscopic ve-
locity of excited electrons,u25 j2 /N2 , is usually less than
the characteristic electron velocityv0 , the time required to

deliver a hot electron to the interface by the directed LID
process can be less than, or comparable to, that needed to
deliver the electron by diffusive motion with its random
~and, therefore, long! path. Taking the surface features~na-
ively! to be hemispheres one can determine that only the
fractionp(u)5 1

2 (12cosu)2(21cosu) of the total number of
electrons set into motion by LID can reach the metal-vacuum
interface. Since LID operates in addition to diffusion, the
function f (u) describing the ‘‘extra’’ angle-of-incidence de-
pendence of the photoemission is given by

f ~u!511
k

2
~12cosu!2~21cosu!, ~49!

wherek is a measure of the ratio of rate with which a hot
electron reaches the surface by LID over the diffusion rate.
The data shown in Fig. 4~points! were fit to a modified
version of~49!. Since the data contain an experimental error,
it was thought more correct to allow theu50 intercept to be
an adjustable parameter rather than forcing it to have an
error-free value of unity. The line in Fig. 4 is the result of
this two-parameter fit, yielding 1.14 for theu50 intercept
and 2.06 for the value ofk/2. The fit is quite good. Recently,
we have imaged the roughness features of cold-deposited Ag
films with scanning tunneling microscopy. The size distribu-
tion of the surface features is very broad and modeling a
complex surface with hemispheres is simplistic; however,
the good fit of formula~49! indicates that the essential phys-
ics is likely robust.

It is clear that for a flat surface the LID of excited elec-
trons withj2 parallel to the wave vector of the light obliquely
incident to the surface cannot deliver electrons to the metal-
vacuum interface and, accordingly, would not contribute no-
ticeably to the photoemission ifu2!v0 . However, at fre-
quencies for whichj2 is directed against the wave vector the
delivery of hot electrons to the interface by LID could be
important despite the conditionu2!v0 . This is because the
random path characterizing electron diffusion is much longer
than the path associated with LID and, accordingly, for elec-
trons well below the surface, LID can become an important
mechanism in photoemission. This implies that for a smooth
surface andu2!v0 LID can contribute significantly to pho-
toemission only ifu2 is directed against the light, while for a
rough film, which has features with a lateral surface, LID can
contribute to electron escape for any relative direction of
u2 andq. In our experiments the laser frequencies were used
such that the flow of hot electronsj2 was parallel to the wave
vector and, therefore, LID of hot electrons could contribute
to the photoemission from rough films only.@The resultant
current flow JLID5 j2(n1m12n2m2)/n1m1 is against j2 if
n2m2.n1m1; however, the photoemission probes the current
of excited electrons only.#

To obtain the direction-varying LID, a tunable laser
source, with photon energy close to the energy gap must be
applied.

Angle-resolved photoemission measurements were also
performed on clean surfaces prepared by vacuum deposition
of Ag under UHV conditions (10210 Torr!. Rough films gave
easily measurable photocurrents that depended quadratically
on the laser pulse power and inversely on the focal point area
of the radiation: This is entirely consistent with a two-photon

FIG. 4. The angular factorf (u). Open circles and triangles refer
to one-photon data (s polarization andp polarization, respectively!.
The solid circles and triangles are derived from two-photon data.
The solid line is calculated with Eq.~49! using the values of the
parameters indicated in the figure.

FIG. 5. The volume fraction of a semispherical protrusion from
which electrons moving along the wave vector can reach the metal-
vacuum interface.
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process. There was insufficient signal to record a quadratic
photoelectric response from smooth films. This is now un-
derstood to be due to the large photoemission enhancement
in rough films associated with localized surface plasmon
excitation.33 Thus, we were not able to calculatef (u) from
data collected solely with two-photon excitation. However, if
we suppose that thef (u) factor is associated with the escape
of the electron from the surface, and is not related to the
absorption process, then one would expect the angular varia-
tion of Y for two-photon excitation to be of the form
Y rough}(12Rs,p)

2f (u). Figure 6 shows that this is the case.
Curves ~b! and ~d! fit the data points best, while
@(12Rs,p) f (u)#

2 does not, vindicating our assumption. The
two-photon values off (u) were calculated from the points
given in Fig. 6 but with (12R) values derived from the
one-photon measurements. The two-photon values are in-
cluded in Fig. 4 as the solid circles and triangles. They are
seen to lie on the same curve as the one-photon data. The
independence off (u) from polarization argues strongly for a
dependence on wave vector rather than field as required by
LID.

In a second experiment involving LID~Fig. 7!, radiation
from a XeCl excimer laser exits the laser cavity as a rectan-
gular beam about 1 cm3 2 cm. The most uniform central
portion of the beam is selected by a circular iris diaphragm
~I!, resulting in a circular beam~about 0.75 cm diameter!
which is split into two pathsA andB passing through inde-
pendent attenuation~A!, polarization selection~P!, and fo-
cusing ~L! optics and impinging on a common spot on the
sample substrate~S! situated inside an ultrahigh-vacuum

chamber. The two beams strike the surface with equal angles
of incidence~55°) symmetrically about the surface normal.
A silver film is deposited from an effusive source at an ap-
proximate rate of 1 nm/s. Deposition can be carried out ei-
ther on a room temperature substrate, in which case smooth,
annealed Ag films are formed, or with the substrate cooled to
as low as 30 K, in which case rough, unannealed films form.
Film deposition was complete after several minutes, much
shorter than the time required to contaminate the surface sig-
nificantly ~pressure 5310211 Torr!.

The laser light induces two-photon electron emission
from the silver surface. A narrow solid angle of the forward
electron intensity distribution is collected through a 1 m,
magnetically shielded time-of-flight tube~T! and detected on
a 2 cm diameter microchannel plate~about 1024 sr are sub-
tended by the detector!. The electron kinetic energy distribu-
tion is accumulated on a pulse-to-pulse basis with each laser
pulse contributing a few electron counts so as to maintain a
relatively low space charge in order to reduce broadening.
Although the two laser paths are symmetrically oriented with
respect to the surface normal, the time-of-flight electron ana-
lyzer is asymmetrically placed at 20° on one side of the
normal, as shown in Fig. 7. The system is, therefore, sensi-
tive to a possible asymmetry in the spatial distribution of the
photoemission.

The two laser pathsA andB are made equal in length to
within 1 cm over a total length of 2.5 m by using a delay line
~D!. The two laser beam paths arep polarized with respect to
the surface by adjusting the rotational orientation of two high
extinction Glan-Thompson linear polarizers. Two matched
lenses then focus the light beams onto the sample. The con-
vergence, and subsequent divergence of the two light paths
after reflection from the surface, imparted to the light by the
lenses allows one to observe the two light beams indepen-
dently at any point along the light path. In this way the two
beams can be aligned so that they counterpropagate precisely
over a path length several meters in length. Thus, the degree
of spatial overlap of the two beams at the surface is very
high.

In order to ensure reasonably tight focusing of the laser

FIG. 6. Two-photon relative quantum yields for a rough film
as a function of incidence angle. The calculated solid lines
are as follows: ~a! @(12Rp) f (u)#

2, ~b! (12Rp)
2f (u), ~c!

@(12Rs) f (u)]
2, ~d! (12Rs)

2f (u).

FIG. 7. Experimental arrangement for the detection of asymmet-
ric photoemission from Ag films. The symbols are as follows: S,
surface housed in the UHV chamber; N, surface normal; T, time-
of-flight tube; L, lens; P, linear polarizer; A, variable neutral density
filter or attenuator; D, delay line; G, glass tube; BS, beam splitter; I,
iris diaphragm. The two paths beyond BS are labeledA andB.
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light on the surface we used the shortest focal length lenses
which were placed just outside the vacuum windows of the
chamber. Laser power measurements were made along the
beam paths and adjusted to be approximately equal. Fine
tuning of the laser power during the experiment was per-
formed by recording the total electron recharge current from
the films. A collector was placed inside the vacuum chamber
and biased to1300 V. The total recharge current per pulse
was than passed through a fast preamplifier and processed
with a digital oscilloscope. The two attenuators were ad-
justed such that the total recharge current measured with
beamA was exactly equal to that of beamB. With both
beamsA andB on, the total electron recharge current was
found to be double in all cases. Although we are measuring a
two-photon process, a factor of 2~rather than 4! was ob-
served because the temporal coherence is much shorter than
the pulse duration of the laser.~Although we do not know
the detailed mode structure of our laser, an approximate
analysis based on the reported energy width indicates that
temporal phase coherence would be difficult to achieve.! In
order to eliminate the possibility that our observations are a
trivial result of interference, measurements were made by
purposely disturbing any possible coherence that might exist.
The two pathsA andB in Fig. 7 are effectively the two arms
of Mach-Zener interferometer. A glass tube~G! was placed
along one path (B) and heated. The resulting change in re-
fractive index in the hot air within the tube would have
changed the coherence conditions strongly, yet the photo-
emission results were unaltered.

Two films, a smooth one and a rough one, were generated
as 5 mm diameter circular spots one above the other, on the
same substrate. The height of the substrate in the ultrahigh-
vacuum chamber can be adjusted externally so that the pho-
toemission spectra of the two films can be recorded in turn.

Figure 8 shows the two-photon photoemission spectrum
for smooth and rough silver films. For the smooth films the
photoemission spectra recorded alternately with the two light
ray directions have a similar spectral distribution and total
integrated intensity. Contrariwise, for the rough films the to-
tal intensity of the photoemission spectra differed by over a
factor of 2 according to the direction of illumination. The
photoemission was found to be greater in the direction of the
wave vector of the light. This is consistent with~16! and
~28!, ~29! which suggest that the direction of the flow of the
excited electrons coincides with the direction of the wave
vector when the total photon energy 2\v58 eV.

The possibility that the effect was a result of an asymme-
try of the roughness features themselves with respect to the
metal surface normal was eliminated by purposely producing
films with spatially asymmetrical surface features by depos-
iting silver obliquely on the cooled substrate at an angle of
45°. The photoemission asymmetry was shown not to de-
pend significantly on the mode of preparation of the surface.
The results reported in Figs. 3 and 6 are from surfaces grown
such that the direction deposition lay along the surface nor-
mal.

One should point out in passing that the experimental
setup intrinsically breaks symmetry with respect to the sur-
face normal so that even in the absence of LID, asymmetric
photoemission might be possible. In that case, the inequiva-
lence should be brought about by the asymmetry in the di-

rection of the electric vector rather than the wave vector of
the light with respect to the surface normal. There should,
therefore, be no reason why smooth as well as rough surfaces
should not manifest photoemission asymmetry. Even if one
postulates that, for some reason, rough surfaces amplify the
asymmetry of the two-photon photoemission, it would be
difficult to reconcile this with the observed insensitivity to
the direction of the orientation of the roughness features with
respect to the photoemission detector axis. Nor would the
angle of incidence effect on the total photoyield reported in
Refs. 27,34 be explicable under that assumption.

We conclude, therefore, that the observed asymmetry in
the angular distribution of photoelectrons is a strong indica-
tion of the LID of hot electrons.

VIII. DISCUSSION AND SUMMARY

Light-induced kinetic effects in solids exist as a result of
the combination of momentum-selective excitation with
state-dependent scattering of carriers from impurities,
phonons, excitons, etc. These effects result from entropy
transfer between photons and particles, that is, from the
transfer of order from photons to particles, rather than from
radiation pressure.~This sort of light-matter interaction
based on entropy transfer probably plays a role in other sys-
tems as well. In particular, it provides a plausible explanation
of some phenomena in astrophysics, such as theD/H distri-
bution in the Universe.35!

The light-induced kinetic effects considered here manifest
themselves as induced currents and/or potential differences
in solids when a sample is irradiated by light. Particles~elec-
trons and/or holes! with momentum components directed

FIG. 8. Energy-resolved photoelectron spectra from smooth and
rough films of Ag. The spectra are labeled according to the direc-
tion of propagation of the light as in Fig. 7.
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along and opposite to the wave vector of the exciting light
beam are shown to be inequivalently absorbed due to the
Doppler effect. This results in a light-induced carrier drift
that leads to an overall current in the sample provided the
particle translational relaxation is internal state dependent.

LID accompanying momentum nonconserving transitions
was shown also to exist due to the slight difference in the
volumes ofk space available to excited electrons moving
with and against the light@see~39!#. The selectivity of the
excitation is lower in this case compared to the case of direct
electron transitions which conserve electron momentum and,
accordingly, the effect is also smaller.

Light-induced diffusive flow~LIDF! of carriers resulting
from the nonuniform spatial distribution of the light intensity
in the sample was also considered. In particular, the effect of
the strong attenuation of the radiation in metals where the
light penetration is only a few tens of nm was explored. The
intensity gradient leads to a nonuniform spatial distribution
of excited electrons resulting, in turn, in large counterpropa-
gating diffusive flows of excited electrons and holes. If the
mobilities of the electrons and the holes are different, then a
resultant LIDF occurs. Formula describing both effects si-
multaneously the LID and LIDF is derived@see~47!#.

The strong gradients of electrons and holes due to both
LID and LIDF result in the formation of a double layer of
carriers in a thin metal film. To some extent this system can
be viewed as a light-inducedp-n junction. In a steady state
the two currents associated with LID and LIDF are compen-
sated by a current due to the light-induced voltage. An at-
tractive feature of this pseudo ‘‘p-n junction’’ in metals is
the fact that it can be controlled by light.

It is also worth noting that the simultaneous initiation of
the large particle gradients and LID and/or LIDF currents
can result in very interesting and complex electron dynamics.
In particular, both longitudinal and transverse potential dif-
ferences can be induced simultaneously. Vortex currents are
anticipated and chaotic electron dynamics may result under
some conditions.

The majority of the conclusions reached in the present

treatment are valid for a range of materials. In particular,
effects due to interband optical transitions can occur in semi-
metals, semiconductors, and insulators. The potential differ-
ence in an open circuit due to LID is given byDf
5 lJ/(N0em) @see~17!#, which is proportional to the sample
resistivity,r;(N0em)21 (N0 andm are the conduction elec-
tron concentration and the particle effective mobility, respec-
tively!. The LID current in this case is compensated by the
current due to the induced electrostatic potential difference
resulting from the nonuniform charge displacement in the
sample. SinceDf}r , the light-induced voltage increases for
materials with high resistivity; hence, under the right circum-
stances, solids with low conductivity, such as semimetals,
semiconductors, and insulators, are more appropriate candi-
dates than metals for the observation of these effects. The
key point is that the LID current depends on the number of
selectively excited particles rather than on the total number
of conduction electrons. Therefore, in materials with low
conductivity, it can be, in principle, as large as in metals
while at the same time the resulting potential difference can
be much larger. A necessary condition for LID is the exist-
ence of strong and momentum-selective optical excitations.

Our experimental observation of the spatially asymmetric
photoemission from rough silver film is interpreted to be an
indirect manifestation of the LID. The observed dependence
of the photoemission yield on the angle of the incident light
is successfully explained in terms of LID.

The spatial asymmetry of the photoelectrons suggests that
the photoelectrons leaving the surface possess a nonzero to-
tal momentum. Accordingly, the same should be true regard-
ing the electrons remaining inside the sample. Thus, asym-
metrical photoemission is anticipated to result in a net
current of the carriers left behind in the sample. This effect
can occur even if the mobilities of the electrons in the two
bands are identical, i.e.,n1m15n2m2 .
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