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Light-induced kinetic effects in solids

Vladimir M. Shalaev
Department of Physics, New Mexico State University, Las Cruces, New Mexico 88003

Constantine Douketis, J. Todd Stucklésand Martin Moskovits
Chemistry Department, University of Toronto, Canada M5S 1A1
(Received 4 October 1995

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 inteloandter-subband-band
excitation and band-dependent kinetic properties causes kinetic anisotropy in the motion of gatéclesns
and/or holekin 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.

. INTRODUCTION 1979 and was observed by Antsyginal*® later in the same
year. Following these pioneering studies many further
In the 1970s Grinbergt all? showed that transitions be- theoretical*~1® and experimental papers on LID in atomic
tween subbands in semiconductors can produce larg@Voerdman and co-worker$ and molecular gasegHer-
radiation-induced currents. The corresponding macroscopimans and co-worket$and Chapovsket al!®'9 appeared
momentum is of the order of the typical momentum of elec-in the literature. In particular, Popost al. studied drift in-
trons or holes rather than of the photon momentum. Thisluced by polychromati€ and pulsed-periodfc light excita-
means that under certain conditions radiation can produce ton; two-photon-excited drift was considered in Ref. 22, and
much stronger effect than radiation pressure. Grinle#r@.  LID sound generation by pulsed excitation was studied by
have dubbed this phenomenon the resonant photon-drag efhalaev and Yakhnif®
fect (RPDB. The RPDE occurs when the charge mobilities  Since the RPDE and the LID effects have basically the
differ for excited and ground bands so that, under resonar§agme underlying conceptual basis, the terms “RPDE” and
conditions, the balance between the four radiation-induced| |p” are equally descriptive and we will use them inter-
partial currents is destroyed and a large net current ariseéhangeably.
The four currents correspond to two excited electron flows \ye priefly describe the essential elements of LID by con-
moving In opposite Q|rect|ons a”d.‘V.VO hole flows that aresidering first the more simple case of LID in gases. Consider
also c'ounte.rpropagat]rngn effect similar to the RPDE ef- ._monochromatic radiation of frequenay, close to the fre-
fect, involving transitions between parallel subbands in " .
quencyw, of a transition between ground state 1 and excited

qguantum wells and dubbed light-induced drittID), was ST :
suggested by Dykhnet al* The theory of LID was devel- state_2 of an atom. _Whe_n _the _radlatlon interacts with the
atomic gas the velocity distributiorfs(v) andfq(v) of the

oped further by Grinberg and LuRfi and by Stockman i ) .
excited and unexcited atoms become asymmetfitait is,

et al” and observed experimentally by Wieekalin 1990. : come asyn
Skok and Shalagfhconsidered LID of electrons excited be- the velocity averaged over the distribution is not zefthe
tween the Landau subbands of a semiconductor in a magSymmetry is due to the fact that the radiation excites pre-

netic field. This effect was observed by Kravchergtaal!®  dominantly those atoms whose velociyis such that the

A theoretical treatment of the RPDE in transitions betweerrorresponding Doppler shifi-v (q is the incident radiation

magnetic subbands was also presented by Gurevich anave vectoy of the radiation frequency cancels out the fre-

Vinnikov. quency detuningl=w— wy. Consequently, in each state
Light-induced drift can also occur in gases. This phenom+there exist directed atomic motions characterized by two

enon was first suggested by Gel’'mukhanov and Shalagin ~ fluxes:
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peratures KgT <71 wpnon) and for the special case of excita-
tion whenf wype, is larger than the energy of the nonequi-
librium light holes moving with the incident radiation but
These fluxes are colinear with the wave vectprbut  smaller than the energy of the light holes moving against the
directed oppositely, and equal in magnitude, so that the totaldiation, in which case a significant enhancement of the
macroscopic fluxJ=j;+j,=0. A nonabsorbing buffer gas PDE can be achieved. A similar resonance with interband
offers resistance to these fluxes. Since the kinetic cross seeptical transitions was considered in Refs. 24,25. It is clear,
tions of the excited and unexcited atoms are in general difhowever, that this mechanism cannot be efficient for electron
ferent, the forces resisting the fluxes of the excited and unpnterpand transitions induced by light in the visible range of

excited atoms are also different. A net force is, thereforeyqo spectrum where the energy of the excited electrons is
produced which is exerted by the buffer gas on the absorbing, ;. larger than the optical phonon energy.

gas as a whole. This leads to a directed macroscopic motion e type of resonance in bufktype germanium oc-

(;:Oth_(la_habzolt?ing gas, chflrgcterizeg by fthe fﬂﬁfjtlhﬂz curs when the excitation of current carriers is selective with
ma.nitu%e Ltj)ufro?is Igsziitz(ijireucp:i%r; yr:du?:ri(r:le gn oe zgir:?espect to their momentum and the temperature is suffi-
9 PP » P 9 P E%:iently low to provide a sharp boundary in the distribution of

flux. Thus, the combination of velocity-selective excitation | t the Fermi If th . f ilib
and state-dependent kinetic properties causes the gas to B8 €s at the Fermi ener_g&F. € energies o noneqlill )
frium holes moving against and with the light{ andE; ,

kinetically anisotropic and leads to the above transport e
fects. respectively are such thatE; <E <E;, only the holes
Similar to LID in gases, LID of a degenerate two- With k-q<O will be involved in optical transitions, resulting
dimensional electron ga@DEG) in semiconductors can be in a large net current® Near resonance the PDE current can
produced'~2° The electron motion in a 2DEG is quantum be enhanced by almost three orders of magnitude.
confined along one direction. The confinement can be The momentum relaxation rates in the theories of Refs.
achieved either by applying a magnetic fieitf or by creat- 1,2,5,6 was actually identified with the inverse lifetimes of
ing quantum well$® in semiconductor heterostructures. In the corresponding subbands; i.e., no distinction was made
both cases, the light induces velocity-selective transitions obetween population relaxation, polarization relaxation, and
electrons between two quantum well states and two Landamomentum relaxatioff In particular, the important mecha-
levels, respectively. Since the electron mobilities are, in gennism of momentum relaxation due to quasielastic collisions
eral, different in the two states, LID of the electron gas as awith impurities, which does not affect the lifetimlas does
whole occurs. In the case of a 2DEG, LID is maximum whenphonon emission was not taken into account in Refs.
the electron transitions occur between two parallel or quasii,2,5,6. These collisions play a significant role for LID in
parallel subbandsnf;~m,), i.e., when the dispersion law of generat*'*?®and, in particular, they are important for LID
the particles is independent, or weakly dependent, on therhen interband transitions are excited in solids at large pho-
internal states. In that case, the interband endeggk) ton energy.
—E (k)=%wy is a constant independent of the electron mo- To summarize, LID in solids has, so far, been studied
mentumk, the relative width of the absorption band due to mostly for 2DEG’s in semiconductors and, for the cases con-
transitions between states 1 and 2 is small, and the corresidered above, in bulk-type Ge. LID experiments in these
sponding resonance in the spectrum is sharp. Theoreticalystems usually require infrared lasers and low temperatures.
treatments of LID in a 2DEG in semiconductors are similar It is possible to broaden the class of systems in which
to those for LID of atomic gases and can be formulated inlight-induced kinetic effects can be observed and applied. In
terms of a simple two-level system. In particular, the fre-particular, it is worth considering effects that originate
quency dependence of the LID of electrons in semiconducthrough arbitrary interband transitionéincluding those
tors is the same as for gases, and LID changes its directiomhich can be excited by light in the visible ranga semi-
according to the sign of the frequency detuning<(wy)  conductors and in other solids.
from resonance. This is because the particles moving with In a recent papéfwe extended the previous treatments of
the light absorb photons to the blue of the absorption contoukID to include electrons in metals. In this case, the electron
center and those moving against the light absorb to the red dfansitions occur between two conduction bands which can
the center. be nonparallel. In contrast to the case for subband transitions
An interesting case of the RPDE resulting from transitionsin semiconductors, the nonparallelism is always significant
between thénonparallelm; # m,) heavy-hole and the light- for interband transitions, evenrifi,=m,, since the edges of
hole valence subbands in butktype Ge was theoretically the conduction bands are typically located in different points
suggested by Grinberg and Udd@he balance between the of k space. Accordingly, the dispersion relations are signifi-
four partial currents is destroyed in this case because theantly different for different electron bands. For example, in
momentum relaxation time for the light holes, moving oppo-the perfectly-free-electron mod@, (k) = (%2/2m)k?,E,(k)
sitely to the incident radiation wave vector, is much smaller=(%2/2m)(G+k)? and, therefore, one finds that the inter-
than that for holes moving along the wave vector. Such @and energyE,(k) — E;(k) = (£%/2m)(G2=+2k-G) strongly
strong difference in relaxation time can be achieved if thedepends on the electron momentum@ are the reciprocal-
optical phonon energl w,non has a value such that only the lattice vectors which generate the second bafitlis brings
light holes withk-g>0 interact with optical phonons, lead- up a significant difference between LID in metals and in
ing to substantially shorter relaxation time for the holes. Thi2DEG's (or gases The width of an absorption contour as-
kind of RPDE can be realized only at sufficiently low tem- sociated with an interband transition is usually very large.

jl:fvfl(v)dv, jz:fvfz(v)dv, where dv=d3v.
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Nevertheless, the selectivity of electronic excitation with re-Sec. VII. Further discussion is presented in Sec. VIl where
spect to the projection of the electron moment(walocity)  the relative magnitudes of light-induced kinetic effects in
on the wave vector of the incident light occurs even in thisvarious materials such as metals, semimetals, and insulators
case, the key points being the following) Because of dis- are compared.

persion, the probability of interband electron transitions de-

pends on the crystal momentum of the electron, i.e., on its Il. LIGHT-INDUCED KINETIC EFFECTS IN SOLIDS:

velocity. (2) The frequency of light observed by electrons ANALYSIS OF GENERALIZED BOLTZMANN KINETIC

moving with and against the light propagation direction is EQUATIONS

different because of the Doppler shift. Consequently, elec- We begin by considering the action of a traveling wave on

trons having different momenta are excited according t0 theectrons andior holes capable of absorbing the light through
direction of their momenta relative to that of the ligh®)  interband transitions in solids. Since the photon momentum
The dependence of the interband transition probability on the, negligibly small compared to the electron momentum
frequency(and, because of the Doppler effect, on the elecypy k-conserving interband transitions take place. These are
tron momentumcan be very strong, especially near the band,\own as direct or vertical transitionéWNVe neglect at this
gap. The resulting asymmetry of excitation together with theysint electron transitions assisted by phonon absorption or
difference in electron mobilities in the excited and groundemission: see Sec. VI)IThus, the photon momentum affects
bands leads ultimately to LID. It is also important that de-g|ectron excitation primarily through the Doppler relation de-
spite the nonpa(allel cha_racte_r of the electrqn k_Jands the efft‘ermining the group momentum of particles excited by pho-
ciency of the direct(vertica) interband excitation can be 4ns Additionally, the slight nonvertical nature of the exci-
high enough since, in this case, two of the three momentungyiion due to light pressure is also neglected. Under
projections of the excited electrons can vary over a W'd%ptimum conditions for LID, the macroscopic momentum
range. _ ) of the electron drift is of the order of the particle moment-
Recently a number of interesting papers has appeared I 4k, while the nonvertical character of the optical
porting on the photon drag effed®DE). Keller’® considered  yansition associated with light pressure produces correc-

the PDE in a single-level metallic quantum well, and theqns to LID which are smaller by a facterfiq/ik~10"3 —
observation of the photomagnetism of metals which is partly, -2 4.12,14,27

; 29
due to the PDE was reported by Gureviehal=® Also an We consider two bandd and 2 with energie<E, (k) and

important contribution to surface current in metals due to th%z(k) respectively. The dynamics of a partidiehargee)
anisotropy of_electron transitions induced by light in Combl'interacting with fielde within the one-electron approxima-
nation with diffuse reflection of the electrons at the surface; . is described by the following Boltzmann equation:

was analyzed by Gurevich and Laiffb(One can find more
references to the earliest papers on PDE and related phenom- 9
ena in Ref. 30 ot TVie Vit (elh)e- Vi (k) =S(k), (1

In the present paper we develop a general approach for
considering and understanding light-induced drift in solids.where f(k) is the particle distribution function which de-
Its principle distinctive features are dependence on opticagpends on velocityw, =%~V E(k), position vectorr, and
excitations, which are selective with respect to the particldime t andS(k) is the collision integral. The space and time
momentum, and an internal state-dependent momentum revolution of excited particles € 2) is described by the gen-
laxation. The theory is developed in Sec. Il on the basis ofralized Boltzmann equation, which includes the term de-
the generalized Boltzmann kinetic equations. These equacribing interband transitions induced by light of intendity
tions take into account the light-induced perturbation of theand characterized by an excitation cross secti¢n’ k),
equilibrium distribution. In Sec. Ill the theory of LID is fur-
ther developed with an emphasis on light-induced kinetig ¢
effects resulting from interband transitions. We predict tha E+Vk'vf+(e/ﬁ)8'vk+rz Fa(k)
these effects can be obtained experimentally in many cases at
room temperature, using lasers generating coherent radiation ~ =S,(k)+lo(w’ ,k)[f(k)—2f,(k)]. (2
in the near-infrared, visible, and ultraviolet range of the spec-

e : The particle distribution function$;(k) and collision inte-
trum. A general formula describing the LID current in an i S ) .
g v grals S;(k) in the two bandsj=1 andi=2, satisfy the

arbitrary material is derived in Sect. lll. Within the two- >

orthogonalized-plane-wave approximation, the theory is spedualities

cific to materials with an energy gap; it is applicable particu- _

larly to metals and builds upon our preliminary resaltsve Sk =Sy(k) + S(k), &)
consider the conditions for optimizing light-induced kinetic £(k) =f4(K) + f (k). @)

effects. A formula describing the spectral dependence of LID

with excitation near the energy gap is derived and discussedExcited states in band 2 decay to states within band 1 at a
In Sec. IV, we consider effects due to indirect electron tran+ate I',. We will assume that all bands below band 1 are
sitions. Light-induced diffusion flowLIDF) resulting froma  occupied so that no relaxation to states lower than those of
nonuniform intensity distribution due, for example, to attenu-band 1 takes place. The decay rRteincludes band-to-band
ation is discussed Sec. V. Quantitative estimates are pr¢2— 1) spontaneous relaxation and relaxation due to inelas-
sented in Sec. VI. Two experimental observatfdrsf the  tic collisions. Nonradiative decay to optical phonons is usu-
manifestation of LID in rough silver films are discussed inally unimportant in cases such as ours when the photon en-
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ergy is much larger than typical phonon energies. Theandm; andy; are the effective particle mass and the scatter-
collision integralsS;(k) in (1) and(2) can include, in prin- ing rate in theith band, respectively. The total particle cur-
cipal, all possible collisions except those which result in therent is given by the sum of the partial currents in the two
2—1 interband relaxation which are included Ify. We  bands,

assume, however, that the dominant momentum relaxation

mechanism involves quasielastic collisions for which the J=j1t]2. (10
collision-induced energy change is relatively small, so that
AE<E,hw. (However, the change in momentum direction
can be significant. This is a realistic model, especially in
cases where light particles are scattered by heavy particl

such as impurities. These kinds of collisions are also the on e o O o T
most likely to result in large differences in the scatteringt e light-induced modification of the equilibrium distribution

rates in the two bands and, therefore, in a large net cutfent. of the carriers. The term ?(0)_ vanishes after averaging over
Additionally, the dominant contribution of the quasielastic @ Period of oscillation. Within the linear approximation, the
collisions allows one to neglect the possible momentum defonequilibrium termv, ¢ will be somall, and the approxima-
pendence of . tion (e/ﬁ)s-ka(k)%(_e/h)s-ka( )(k) is valid. Integrating
The quantitye in (1) and (2) is the sum of the external N (1) overk and taking into account the symmetry of the
field and the field due to the light-induced nonuniform redis-equilibrium distribution functionf(®(k) =f(®(—k), the in-
tribution of charged particles inside the sample. The effitegral ofV,f(®(k) overk gives zero. We therefore conclude
ciency of interband transitions induced by light of intensity that the term proportional t& can be neglected, and the
| is characterized by an excitation cross sectigfw’ k) continuity equation governing the total particle charge is re-
defined per unit photon energy. m(w’,k) we take into covered:
account the Doppler shiftj-v, of the radiation frequency N
®'=w—q-Vq. | andq are the local intensity and wave vec- e—+V,.J=0. (12)
tor inside the sample. dat
If we assume that the light excites only a small fraction of
the part_icles so that .the erarture from equilibrium is smal nduced, particle concentratiofthe time derivative of the
and a linear app(roc)JX|mat|on can be used, tﬁ@rﬁ_fl and, equilibrium density number is zero
therefore, f(k)~f;"(k). The interband contribution to the ¢ {he terms in(1) are multiplied byv, and the integration
imaginary part of the dielectric constamt=€¢’+ie" can,  oyer k is performed, the contribution of the term propor-

Using Eqgs.(1) and (2), we will develop below a set of
balance equations for the charge and momentum. With no
&xternally applied voltageg=&(®+V ¢ where & is the
ternal oscillating field an@ is the potential resulting from

ereN=N(r)=N;(r)+Ny(r) is the nonequilibrium, light-

then, be approximated by tional to € can no longer be neglected. However, the diffu-
sive contributionfvﬁvrf(k)dk can be neglected in compari-
e"zﬁcf U(w,k)f<10>(k)dk_ (5) son with the field term /%) fvy- V| f(k)dk, provided the
scale of the spatial nonuniformity is much larger than the

Olattice constant. Ifm;#m,, momentum conservation re-
quires that the particle velocity changes when absorbing a
photon so that{"’m;=v{?’m,. Taking this into account and
using(7)—(10), one obtains the macroscopic momentum bal-

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

J Si(k)dk=0, (6)  ance equation
since quasielastic collisions described §ydo not result in ﬂ+ V. b= YiMi = voMy, J 12
band-to-band relaxation. ot P19cVr m, la=vad, (12

The frictional force per unit volume acting on the par-

ticles in theith band is defined by the expression where the potential differencé is related to the nonequilib-

rium particle distribution by

Fimm [ Scoudk, ™ s=e| %dr’. 13

and'the total forcd- acting on the particles consists .of tWo The particle conductivityr, in (12) is defined in the usual
partial forces,F=F;+F,, which refer to the scattering of o= 116202V 1Ok dk. (For th ke of si
particles in the upper and lower bands. Within the linearV®: oc= 5 ¥1 €"Jv VefTi(k)dk. (For the sake of sim-

approximationF; = — u; whereu is the macroscopic velocity PliCity we assume thatr; is a scalaj. _ ,
of the particles in théth band. Thus one can write Note that, if there is no momentum-selective particle ex-

citation(i.e.,j,=0) or if excitation does not change the par-
F./m=—wij;le, (g)  ticle mobility (i.e., if vym;=wv,m,), then Eq.(12) describes
conventional electrical transport. A nonzero currdntan
wheree is the particle charge ang, the current per unit then appear only when an external voltage is applied.
surface area in thigh band, is given by The source term for the current of the excited particles,
j2, is the term in(2) proportional tol o(w’,k). The contri-
i—e | vifi(kdk ) bution toj, of the “field” term in (2), «<(e/h)e-V,, appears
Ji Khi ' as the response to the light-induced redistribution of charges
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resulting fromj, and, accordingly, this gives a nonzero con-absorbed photons. Likewise the forEeacting on the par-
tribution toj, only as a secondor higher) order perturba- ticles and the equal and opposite force operating on the lat-
tion. We will neglect this term. The diffusive term tice are also due to the entropy transfer between photons and
(xv-V,) can, in principle, contribute to LID in first order, particles. In some sense the light acts as “Maxwell's de-
provided there is a strong light intensity gradient in themon,” selecting particles based on their velocities.

sample. For the sake of simplicity we will neglect the diffu-

sive term in(2) and ascribe a relatively small spatial depen- IIl. THEORY OFE THE LIGHT-INDUCED DRIFT

dence to the light intensityThe effect resulting from a rapid OF ELECTRONS

attenuation of the light in the sample, LIDF, will be dis- ) _ ) . S
cussed in Sec. W Thus, multiplying(2) by v, and integrat- 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 sedctiodeter-

o , ) mined by those elements. In general, off-diagonal elements

Jz—lef v (o' K7 (k)dk.  (14) characterize the light-induced cohereng®larization be-
tween quantum states within the two bands. The coherence

It is clear from(14) thatj,# 0 only if the excitation cross relaxation ratd’, which, in general, includes a contribution
section o(w’,k) has an asymmetrical dependence on thdrom the spontaneous and the collision-induced coherence
particle velocityv, . This requirement is fulfilled because the decay, must be calculated on the basis of the specific form of

ing overk, in the linear approximation one obtains

a
E+F2+ Vy

Doppler effect provides velocity-selective excitation. the collision integral. We will restrict our treatment to the

From the expression for the total for€e case of homogeneous broadenidg{quv) when the asym-
metry in the excitation of electrons moving with and against
eF=—viMyj1— voMyj o= (VMg — voMy)j2— vimyJ, the light is relatively small. The excitation cross section
(19 o(w',K) is given by

it follows that, if the radiation induces a currgnt the force IV, ()2

F and the particle currenl cannot simultaneously vanish (@’ K)o Im 1.4 _ (18)

provided thatm,v,# m,v,. If the particle system was pre- ' Ex(kK)—Ey(k)—fiw'—iT' |’

viously at equilibrium, then upon turning on the fielé=0
initially, but as the upper band becomes populated a curre
j2 is produced, and with it a nonzero for€e which in turn

hich can be approximated for the case of homogeneous
roadening by

produces the net curredt After a certain time a steady-state do(w,K)
flow of carriers is established in a closed circuit with a(w’,k)%o(w,k)—qwkT. (19
F=0, J= vaimy — V2m2-2_ (16  Using(14), (16), and(19), the steady-state current becomes

vimy
Vlml_ V2m2 el

With an open circuit a steady state potential difference isJ,,p=—¢q
Vlml F2+ Vo

eventually established such tHate Eq(12)]

d
ﬁf veo(w, k) FP(k)dk.

(20
viMy—voMy. SinceE>#T, the Lorentz factor in(18) can be replaced by
— + = = -— = . . ! .
I=dp+dy=0, Vid=——r =iz /0e=Jup /0 a & function, i.e., o(w,K) % 5[ Ex(k) — E;(K)—hw]. Thus,

(17) the transitions between two bands are restricted to the sur-
face of constant interband energy(k)=E,(k)—E (k)
—fhw=0.

Through the formula

In this case the LID curreni, p is exactly compensated by
the current], 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 f véo(w,k)f(lo)(k)dkzvgf a(w,k)f(l‘))(k)dk, (21)
particles and the latticéincluding impurities, there will be
no momentum or energy transfer from the radiation to theye definev, as a characteristic velocity projection on the

system(neglecting light pressuye The particle current re- \yave vector which lies on the surfac¢k). Using (5) and
sults from the light-induced momentum exchange betweeq21) one may rewritg20) as follows:

particles and the latticesee(7) and(12)] which also results

in a decrease in the entropy of the system at the expense of g vim;—vom, quo
an increase in the entropy of the light. The effect is to create Jup=-— a oM, evO)F2+ 72
a directed particle flow from an initially chaotic distribution

while at the same time the initially directed light is scatteredwhich is a general formula describing LID in an arbitrary
isotropically. Thus, LID results from the exchange of en-solid. According to(22), the net electron current is directed
tropy between the light and the medium rather than fromalong the wave vector, with or against the light depending on
radiation pressure. And, in spite of the fact that the Dopplethe values of the parameters in the equation. LID is observed
effect depends on the photon momentgmneither the av- only when the particle mobility is different in the two bands.
erage magnitude of the acquired particle momentum nor it§Vithin the approximation used, the formula also contains the
sign have anything in common with the momentum of theterm quy/(I',+v,), characterizing the(nonequilibrium

"

., (22

hc do
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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 determined2R)

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 (20PW approximation by

2E; = Bl (k+G)?+ k2] F{BY (k+ G)?—k?]?+ 4|V |21,

-G (o) G
(23) /2 /2

Wh.ere B=(h"2m), =G are the reCIp_rocaI-Iattlcg vectors FIG. 1. Geometry of the constant energy surfaces for optical
which generate the second _band, aﬂgms the Fourier com- transitions at photon energyw in the 20PW approximatiorG is
ponent of the pseudopotential|{Zs| is the energy gapThe e reciprocal-lattice vector which generates the second band;

surface of constant interband energy is given by ko=K| is the momentum projection o6. F indicates the Fermi
, surface; pointc (or ¢') definesE,;, (see the tejt The vertical
O(k)=E(k)—E4(k)~fiw dashed lines represent the planes of constant interband energy and
the curves labeledi and f (or f') indicate the surfaces
=pB(=2k-G+G?) E=E;=E, andE;=E,=E+# » which correspond to initiali) and

_ 2 221/2 final (f) states, respectively. Direct transitions are permitted only for

—[(ﬁw+qvq) —4|Vel] states lying on the disks whose diameters are represent&Bby
=0, (24) andA’B’. The asymmetry in the disks location with respect to the

origin of momentum space is due to the Doppler effect.

wherev is the velocity projection on the wave vectqr

The minus and plus signs ittk-G correspond to the two The imaginary part of the dielectric constait has the

opposite directions of the reciprocal-lattice ved&rand the form??

minus and plus inw’ correspond to electrons moving with ) )

and against the light, respectively. If the wave vediois o= 2" ngG|Vg| (Ec—E,) 26)

assumed to be parallel to the vec®y then expending24) 3w 1-y Foomnb

in terms of a small parametejvg, one can see that the ..o

surfaces of constant interband energy are planes that lie par-

allel to the zone boundaridsee Fig. 1L The crucial point is 1 : 4|VG|2]1/2

y=1—

that the distances of the planes are not equal with respect to ) 27
the origin of momentum spac&= 0, owing to the Doppler

effect. As a result, when the system is illuminated, causing @nd ng is the number of physically equivalent plan€s
slight increase(decreasg in the population in the upper Using(22) and(25—(27), one obtains the following expres-
(lower) bands, this process will be unequal for electrons trav-sion for the steady LID current in metals:

eling with and against the wave vectgrsince they involve

electrons of somewhat different momenta. T — 9 vim— V2m2(ev ) Quo
The geometry of the planes given K84) in the limit of o g wmy YErlh—Emnlh
small g-v4 and the surface&,=E and E,=E+#ho’ are I e
presented schematically in Fig. 1. Electron excitation takes 2 '€ D (w) (28)
place within an energy intervél,,<E<Eg, whereEg is ot vy il '

the nearly-free-electron Fermi energy. The low-energy cutof{, . . e spectral functiol (w) is defined by
Emin, corresponding to the points and ¢’ in Fig. 1 and

assumingiqu<Eq,, is given by? Er—Emin IVgl? 1/ tho
P(w)=4 7 1+ 7 )2_4|V |2 +§ E——l .
1, (ho—BGH2-4|Vg|? ¢ ¢ ¢ G
Eminzzmvoz 4,862 (25)

The physical meaning of formulé8) may be clarified as
According to Fig. 1, all electrons which can be excited byfollows. At steady state the concentration of excited elec-
radiation have the same velocity projection gnThusv,  trons,N,, is given byN,=(l€")/(#cI’,). The nonequilib-
defined by(21) has the simple form in this case given by rium distribution of the excited electrons will decay with a
(25). ratel’, due to the interband relaxation and with ratedue
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to quasielastic collisions, ultimately resulting in the equili- Hereafter, we use the notatiot=#w,Xo=2|Vg|,yo=AT
bration of the excited states. The ratig,/(I',+v,) ex- [y, should not be confused with in Eq. (27)].

presses the fraction of excited electrons which remain in a In the limit (Aw—2|Vg|)>AT formula (32) converts to
nonequilibrium state and therefore contribute to the current(26) and (27). The functionR(x) in (32) has the strongest
Accordingly, the term in square brackets(@8) represents dependence ow and its contribution t@¥e”"/dw in (22) is,
the number density of excited nonequilibrium electrons. Theherefore, the larges{Thus, in the vicinity of the energy
term (Quo)/[Er /i —Enin/fi] characterizes the selectivity of gap, we neglect the termrdej/dw.) Substituting(32) to
excitation with respect to electrons moving with and agains{22), one obtains

the light. Formulas(28) and (29) are valid only for

(hw—.2|VG|)>ﬁF_>>kvp and accordingly the selectivity q vmy— v,m, quo| T, 1€
term is small within this approximation. Ihp=o—7"7—" evO)T T T L(fw),
When (hw—2|Vg|)—#T the LID increases dramatically a M 2T V2 Chla 33
because the selectivity of the excitation with respect to coun-
terpropagating electrons is significantly improved in this,nere
case. In order to calculate the efficiency of the excitation in
the threshold region one needs to take into account the modi- 2,2 2 2
1 H " : ‘}/OXO X _XO
fication of €” due to the relaxation processes. In the constant | (x)=R(x) — 5
matrix element approximatior” is given by (X*=Xp) "+ 4ypX" | YoX
2
20 2\ (2 270X
, €ngG|Vg|® [ 14+
Ry f dks(0(k)), (30 1 X2 [(C—x2)2+ 4v2x2 2 x2— 2|’
(34)

where the prime on the integral denotes that the integration is
to be performed only over those portions lofspace for
which E,>Eg>E;. [Formula(26) follows from (30) when 4
integrating overk.] Hereafter we assume that the thermal
energykgT is much less than any of the other energy param-
eters involved in the problem. Accordingly, the Fermi-Dirac
distributionf(lo) can be approximated by a step function.

First, we integrate if30) overd?k, , the momentum pro-
jections which are perpendicular to the reciprocal-lattice vec-
tor G. Then, in the remaining integration ovek;, the mo-
mentum projections parallel G, we expresg in terms of
¢=E,—E, using Eq.(23), and obtain

n___n * § —
€ —eojxdg—ma(g hw), (31

where

. 2e’ngG|Vg|?
EE):W(EF_ Emin)

is the imaginary part of the dielectric functioe’ when
hw>2|Vg|, i.e., wheny~0 [see Eqs(26) and (27)]. The
integration in(31) gives formulag26) and (27).

In the first approximation, the relaxation processes can be %
easily taken into account if thé function in Eq.(31) is
replaced by the Lorentziana{/#)[ &%+ (AT)?] 1. Per-
forming the integration, we obtain

€'=egR(hw), (32
where the relaxation functioR(x) is defined as : _
(b) X-XO

x/ \/5

R(x)= [(X2—X2)2+4y2X2]1/4 FIG. 2. Relaxation functiofR(x) (a) and LID spectral function
0 0 L(x) (b) for 2T'=0.1 eV (solid lineg and AI'=0.2 eV (dashed

x2—x5 1/2 lines at 2Vg|=xo=4 eV (x=hw). The function L(%w)
X| 1+ («dR/dw) describes the frequency dependence of LID excited in

2_2\2 2.2012|
[(x"=Xg) "+ 4ypx] the vicinity of the energy gap.
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Comparing(33) with (28) one can see that the selectivity band optical transition& (However, even for a small light
parametekv, /T in (33) is significantly larger than its coun- penetration depth, direct transitions can still play the domi-
terpart Quo)/[Er/h—Emin/f], in (28). If kvg/T'~1, the nant role at certain photon energies. This was shown to be
excitation is strongly selective with respect to electron directhe case in photoemission from Ag f”f‘&?eﬁ Indirect opti-
tion. The high selectivity becomes especially obvious wherfal transitions are particularly important in the case of rough
fw is just slightly less than the gap energhv2| and only ~Metal films when localized surface plasmdrSP) excita-
electrons moving against the light can be excited, providedOns are induced in roughness features. This excitation re-
thathw+qu=2|Vg|. To some extent this particular case of sults in local fields with a strong™* spatial dependence that

selective excitation is similar to that considered in Refs. 2,8°r€aKs translauonarl?ﬁmvanance and acts as a continuous
for bulk p-type Ge. source of momenturi?

The functionL (i @)= dR/de determines the spectral de- It is clear that the energy interval and the number of states
pendence of the LID current excited in the vicinity of an in k space available for optical excitation are different for
energy gap. Plots oR(x) and L(x) for various values of electrons moving with and against the light, again dug to the
yo=hT are. presented in Figs(@ and 2b), respectively Doppler effect. Therefore, one expects that even for indirect

O— B y .

L(x) has a strongly asymmetrical dependence xonxq surface-assisted transitions LID can be observed.

=fhw—2|Vg| and can take on both positive and negative We ~use the spectral variablex=x—=Xo=fiw
Gl <. P . ga —2|Vg|. Note that the energy gag\2s| can have different
values, suggesting that the current can be directed with or : L
. . : . values in the vicinity of a surface as compared to the bulk.
against the light depending on the frequencgx) is zero at . o . .
A . This possibility can be taken into account by renormalizing
some small positivey=x;—Xg (Y~ 1vg); L(X)>0 for x

~x, andL(x)<0 for x<x,. With negative detuning, it is 2|Vg|. In the constant matrix element approximation, the

the electrons moving against the light that are the more eX(_:oncentratlon of excited electrons is proportional to the vol-

cited andl (e) is negative, and the current flady o in (33) ume ofk space allowed by the energy conservation require-

o A ! ment:
is directed withq if »,m,>w»;m,;. The opposite occurs for
positive detuningwhenx>x;). (Ec /)12 E_/g—K2)V2
I'>N,=A F dk, (Be/B=iD) 2’7T|(HdkH,
[(Ep—X)/p1M2 0
IV. LID DUE TO INDIRECT ELECTRON TRANSITIONS (35)

For some materials, optical excitation involves indirectwhereA is a coefficient of proportionalitydepending on the
(nonvertical transitions which do not conserve electron mo-matrix element andk, and k; are momentum projections
mentum. Since light penetrates metals only slightly, so thahormal and parallel to the surface, respectively.
the radiation probes only a few atomic layers near the sur- The flux of excited electrons is nonzero when the Doppler
face, there is symmetry breaking which may result in theeffect is taken into account. The Doppler effect modifies the
relaxation of the optical selection rules. In that case, indirectolumes ofk space involved in the excitation of electrons
transitions, which do not conserve the projection of momenmoving with and against the light. Usind4), in the steady-
tum normal to the surface, may be important for some interstate limit one finds

. Ep/B)Y? Ep /B—K?)12
(ot v)i=Ade | 57 4k ﬁ F/ATHLD)
a JiEe-xy1p*? 0

h [Er /8- K2 — (K2 2qky)1M2
q
(akq)qu ol dky

~[Er 1K}~ (kg—2qky) 12

N JO Mg [Ep /8-KF — (kC+2alkq|) 112 L (36)
~(Ep/p-K5)¥2\ M ~[Ep 18-k — (i +2alkg|)1H2
|
wherek, =k, anquzk.x. Integrating in(35) and(36) using J(md)_ﬂ viM;— vom, o) qQue I, €'l
the steady-state equality U0 =4 " 2 m, UF Er/fi| T ot vy Al,C|
" (39
€ |
FZNZ_%’ (37) which suggests that the direction of the electron flow is op-
posite to the direction of the photon flux whemm,
one obtains >pimy.
The frequency dependence of LID due to indirect electron
o 1gq qug | I, €l transitions is obtained by integrating (86):
j2=5 —(evg) , (38)
2 q EF/h T2+ Vp ﬁFZC

i ity - is def 2 Ao e E (Ep—X)¥2+ 1(E -X)%, (40
where the Fermi velocity ¢ is defined byEg= 3 mvg. LD = 3 =F FAEF 3\-F '
Using (16) and (38) one ultimately arrives at the follow-

ing expression for the steady-state current: which becomes
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- (47)

I (ho—2|Vg|)® (41) VMg — M, [ }
J=——"F"—"—ji+eD,-—V,I,
for excitation near the energy gap. Compari8g) and(39), Yy AT5C
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 fact@: /(%I") than )
for indirect transitions. 1 v

D2:§ F2+ Vo ’

whereD, is the diffusion coefficient for the electrons in the
upper band:

(48)

V. LIGHT-INDUCED DIFFUSIVE FLOW OF ELECTRONS )
Thus, there are in general two sources to the net electron

Light-induced diffusive flow(LIDF) of electrons arises current: The first is due to the velocity-selective excitation
when the spatial distribution of the light intensity in the me- associated with the Doppler effe¢LID source,” i) and the
dium is strongly nonuniform. Light penetration in metals is second to the nonuniform spatial distribution of excited elec-
typically a few tens of nnfe.qg., for Ag the penetration depth trons (“LIDF source,” «V,1). When the light intensity is

is less than 20 nm ak=500 nm. The intensity changes nonuniformly distributed in the sample both LID and LIDF
significantly over this distance, resulting in large light inten-would occur simultaneously.

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- V1. ESTIMATES

sity gradient, respectively. If the electron mobilities in the  \ve will now present some numerical estimates of the
two bands are different, then a net LIDF electron currentyagnitude of the LID effect. The crucial parameter is the
similar to the LID current considered above, will be inducedg|ative difference in the mobility of the particles,
by the light. In many cases the current due to LIDF may,,. —e/(»;m;), in the two band$see(22) and(33)]. In gen-
significantly exceed that due to LID. Additionally, LIDF can ey, the difference would be significant because the mass
occur in the direction normal to the laser beam since thenq the particle scattering rate depend strongly on the quan-
intensity gradient can be large in this direction. LIDF, like y,y state. When the lower band of a pure material is filled
LID, results from the entropy exchange between particlegas in semiconductors and insulatotie scattering rate in

and photons rather than from direct momentum transfer by5t pand is expected to be lower than in the upper band by
the light. Note that LIDF is the analog of light-induced pull- 5 factorE/kgT> 1.

ing in gas kineticg*!’
LIDF results from the spatial gradierlt, term in (2).
Multiplying the equation by, and integrating results ifin

Within the approximations used thus fdf/quq should
be small. However, even fdr/kvy~1 formula(33) would
still provide a good estimate of the magnitude of the

the steady staje effect. In calculating this we will assume that the product
1 (lvmy—vmy,|/vm;) X (kvg/T)~1. The functionL(w) in
(Tt v2)j o+ =02V, Ny(r)= — (Tt 1p)i,  (42) (33) and (34) is also of the order of unity under optimum
3 conditions(see Fig. 2

Equation(33) indicates that it is the factdr,+ v, in the
denominator which will affect the current strongly. To make
this parameter small, thereby increasihg,, one needs to

decrease the scattering ratg by using materials of high
ef vio(w' k)dk, (43 purity and, perhaps, by operating at low temperatures; both
tend to reduce scattering processes. Note that the relative
andv% is the average square velocity in the upper band, difference in electron mobility in the two bands remains un-
changed whenv; and v, are decreased by the same factor.
1 1 The quantityl',+ v, can vary over a wide range from %10
f v2f,(k)dk= §u§J fo(k)dk= §U§N2. (44 s (v,<T,) to 108 s~ (v,>T,) depending on the scat-
tering rate. Thus one concludes that the optimum conditions
According to(16) and (22), for LID exist when the absolute value of the scattering rate is
low (v,<TI',) while the relative values of the particle mo-
bilities in the two bands differ significantly.
, (49) Assuming v,~10° cm/s, €j~1, L(w)~1, |(v1my
—v,my)/(viMy) | X qQue/T~107Y, and (@ ,+ v,)~100—
which, in the vicinity of the energy gap, is more specifically 10 s~ !, we estimate the current densiiyer unit intensity
given by[see(33)] from (33) to be in the rangd o/l ~10 2— 10 A/W.

In an open circuit the estimated current density would
result in a potential differenca& ¢=13/(Ngew) across an
illuminated sample of length, where N, is the electron
density, in the range>~ 10 8-10"4 V for I =1 W/cm? and

Using (16), (37), and(42) one ultimately obtains the cur- 1=1 cm and for typical values dfl; and electron mobility
rent u~e/mv~10* (CGSB. The parameters used are typical of

wherei is the current associated with the velocity-selective
excitation,

1
F2+ Vo

| 9€”
fic dw

Quo
F2+ Vo

. q
|:a(evo)

rz |6"
F2+ Vo Chl—‘z

q qQuo

i=—a(evo)T L(w). (46)
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metals. Since optical depth of metals is of the order 6fA0
the current is expected to be in the range 8010 4 A. The
predicted magnitude of the effect is large enough that mea-
surable currents are possible even with cw radiation fluxes in 1.0
the 1 W/cnt range.

The resistivityr ~ (Ngew) ~* for semimetals or insulators
can be many orders of magnitude larger than for metals.
Since the LID current density for various materials is similar 06
in magnitude under optimum conditions, the potential differ-
ence across a sample() can be much larger for materials
with low conductivity than for metal¢see also Sec. Vi)l
Consequently, a LID voltage in the range 76-10"* V may
be obtainable, for example, for semimetals.

o
n

n
o

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 filmg and Ag films deposited onto a low-
temperature substrate so that roughness features are gener-
ated (rough filmg. The first observation, although compel-
ling, is indirect. It emerges from the examination of the
angle-of-incidence dependence of ttatal 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.

RELATIVE QUANTUM YIELD, Y
o

1.2

0.8

FIG. 3. Relative quantum vyields of one-photon photoelectron

One-photon and two-photon electron emission from rougHamission from smootkia) and rough(b) Ag films as a functions of
the angle of incidence). Open circles are fog-polarized light and

and smooth Ag films was previously reporﬁé‘dn one set of Qpen triangles are fgo polarization. The lines iita) are calculated

measurements a pulsed nitrogen Ia;er operr?ltlng at 3.7 ebased on the known angular dependence of the reflectivity of Ag.
was used to record the one-photon signal. This was done by

lowering the work function of the Ag films from their normal ehe.hnes m(b)- are guides to the eye. The scale@fand(b) are in

) quivalent units.
values (4.3 eV for smooth and 4.2 eV for rough filinto
values below 3.7 eV by exposure to background moleculesf direct(momentum conservingransitions>>
in the vacuum system. It was found that the photocharge was In contrast, the angular-of-incidence dependence of the
linearly dependent on the laser pulse power and independerglative quantum yield for a rough, cold-deposited, Ag film
of the degree of focusing of the light on the sample, therebyFig. 3(b)] does not follow the reflectivity behavior seen for
confirming that the photoemission was a one-photon processmooth Ag films. The data points in Fig(t3 cannot be
Within the vacuum chamber the photocurrent was detectedxplained on the basis of the—IR curves alondthe lines
using a heavily biased wire placed in front of the sample agirawn through the points of Fig.(9 are an aid to the eye
the collector. The sample could be rotated aboutztais,  However, it is possible to represent the behavior of the data
perpendicular to the horizontal plane, thereby allowing ondn Fig. 3(b), with an additional polarization-independent an-
to record the effect of varying the incidence angle of thegular factorf(#), which differs from unity only for rough
exciting laser fors andp polarization. The relative quantum Ag films. Thus, photoemission from a smooth film is char-
yield Y was recorded as the photoemission current normalacterized byY gmoqu (1 — Rs p) while for a rough Ag surface
ized to its value at normal incidence. For a smooth Ag filmY < (1—Rs ;) f(6). The angular factof(6) can be ex-
the data are shown in Fig(a& for boths andp polarization  tracted from the ratioY ough/Ysmooti= f(6). The result is
of the incident radiation field. The two lines drawn through shown in Fig. 4. The functiori( §) was also extracted from
the data points of Fig.(&) correspond to the radiative absor- s- and p-polarized two-photon excited photoemission from
bance calculated based on the reflectiviB) data for bulk  rough silver surfaceésee below. These values are also pre-
Ag using known optical constants and the appropriatesented in Fig. 4.
Fresnel reflectance coefficients. Clearly, the relative quantum We believe that LID provides additional channels for
yield as a function of incidence angle follows the angularelectron escape from a rough surface that are not available to
dependence of the absorptivity of the materiak; R, calcu- a smooth surface. This point is pictorially presented in Fig. 5
lated fors andp polarization. The smooth Ag film therefore where electron escape from a hemispherical surface boss is
behaves as bulk Ag. This result is further supported by othetonsidered.
measurements, especially energy-resolved photoemission The rough surface may be considered to be a collection of
measurements on Ag that clearly indicate the predominance large number of protrusions. An excited electron experi-
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deliver a hot electron to the interface by the directed LID
4 T T T T T T process can be less than, or comparable to, that needed to
deliver the electron by diffusive motion with its random
(and, therefore, longpath. Taking the surface featurésa-
ively) to be hemispheres one can determine that only the
fractionp(6) = % (1— cosd)?(2+cos) 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(6) describing the “extra” angle-of-incidence de-
pendence of the photoemission is given by

f(0)=1+g(1—cos9)2(2+coa9), (49)

where k 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. 4pointy were fit to a modified
version of(49). Since the data contain an experimental error,
L i it was thought more correct to allow thee=0 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
0 20 40 €0 this two-parameter fit, yielding 1.14 for th&=0 intercept
© (deg.) and 2.06 for the value of/2. The fit is quite good. Recently,
we have imaged the roughness features of cold-deposited Ag
FIG. 4. The angular factdi( #). Open circles and triangles refer films with scanning tunneling microscopy. The size distribu-
to one-photon datas(polarization anc polarization, respectively ~ tion of the surface features is very broad and modeling a
The solid circles and triangles are derived from two-photon datacomplex surface with hemispheres is simplistic; however,
The solid line is calculated with Ed49) using the values of the the good fit of formula49) indicates that the essential phys-
parameters indicated in the figure. ics is likely robust.

It is clear that for a flat surface the LID of excited elec-
ences many quasielastic collisions diffusing to the metalirons withj, parallel to the wave vector of the light obliquely
vacuum interface. LID provides an additional component forincident to the surface cannot deliver electrons to the metal-
delivering excited electrons to a lateral surface of a roughvacuum interface and, accordingly, would not contribute no-
ness feature. Despite the fact that the LID macroscopic veticeably to the photoemission if,<v,. However, at fre-
locity of excited electronsu,=j,/N,, is usually less than quencies for whicl, is directed against the wave vector the
the characteristic electron velocity, the time required to delivery of hot electrons to the interface by LID could be
important despite the conditiam<v,. This is because the
random path characterizing electron diffusion is much longer

O

q than the path associated with LID and, accordingly, for elec-

trons well below the surface, LID can become an important

(a) l mechanism in photoemission. This implies that for a smooth
surface andi,<vq LID can contribute significantly to pho-

f ‘I toemission only ifu, is directed against the light, while for a
AR NRA rough film, which has features with a lateral surface, LID can

contribute to electron escape for any relative direction of

N U, andg. In our experiments the laser frequencies were used
(b) /_1: p(6) = ' such that the flow of hot electropswas parallel to the wave
q\/e ! (1-cosOF (2+cos ©) vector and, therefore, LID of hot electrons could contribute
- 2z to the photoemission from rough films onlyThe resultant
| e current flow J,,p=j,(v1m;—vom,)/v,m; is againstj, if

vo,M,>v1My; however, the photoemission probes the current
of excited electrons only.

(c) To obtain the direction-varying LID, a tunable laser
¢ source, with photon energy close to the energy gap must be
pto” applied.
qg— & Angle-resolved photoemission measurements were also

Z performed on clean surfaces prepared by vacuum deposition
of Ag under UHV conditions (10 Torr). Rough films gave
FIG. 5. The volume fraction of a semispherical protrusion from €asily measurable photocurrents that depended quadratically
which electrons moving along the wave vector can reach the metaRn the laser pulse power and inversely on the focal point area
vacuum interface. of the radiation: This is entirely consistent with a two-photon
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308nm
% 3.0 — I EXCIMER
= U] aser
i
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:) = -
o (b) , ,
S o0l | FIG. 7. Experimental arrangement for the detection of asymmet-
5 é é ric photoemission from Ag films. The symbols are as follows: S,
o B N surface housed in the UHV chamber; N, surface normal; T, time-
o of-flight tube; L, lens; P, linear polarizer; A, variable neutral density
o (c) filter or attenuator; D, delay line; G, glass tube; BS, beam splitter; I,
-0 N iris diaphragm. The two paths beyond BS are labéleandB.
- d) - _ ,
chamber. The two beams strike the surface with equal angles
ol ! | L | | | | of incidence(55°) symmetrically about the surface normal.
o 20 40 Y A silver film is deposited from an effusive source at an ap-

©(deg) proximate rate of 1 nm/s. Deposition can be carried out ei-

. ) _ther on a room temperature substrate, in which case smooth,
FIG. 6. Two-photon relative quantum yields for a rough film 5,nea1ed Ag films are formed, or with the substrate cooled to
as a function of incidence anglez. The calculat;ad solid Ilnesas low as 30 K, in which case rough, unannealed films form.
are as follows: (@ [(1=Rp)f(0)1 (B) (1=Ry)™(0), (© Film deposition was complete after several minutes, much
[(1-RYTF(H)]? (d) (L—RY)?f(H). P . P . ! :
shorter than the time required to contaminate the surface sig-
nificantly (pressure % 10~ ! Torr).
process. There was insufficient signal to record a quadratic The laser light induces two-photon electron emission
photoelectric response from smooth films. This is now un{from the silver surface. A narrow solid angle of the forward
derstood to be due to the large photoemission enhancemegliectron intensity distribution is collected thrdug 1 m,
in rough films associated with localized surface plasmommagnetically shielded time-of-flight tuli&) and detected on
excitation®® Thus, we were not able to calculatéd) from a2 cm diameter microchannel pla@bout 10 sr are sub-
data collected solely with two-photon excitation. However, iftended by the detectprThe electron kinetic energy distribu-
we suppose that thig 6) factor is associated with the escape tion is accumulated on a pulse-to-pulse basis with each laser
of the electron from the surface, and is not related to thepulse contributing a few electron counts so as to maintain a
absorption process, then one would expect the angular variaelatively low space charge in order to reduce broadening.
tion of Y for two-photon excitation to be of the form Although the two laser paths are symmetrically oriented with
Y rough® (1— Rsyp)zf(a). Figure 6 shows that this is the case. respect to the surface normal, the time-of-flight electron ana-
Curves (b) and (d) fit the data points best, while lyzer is asymmetrically placed at 20° on one side of the
[(1- Rs,p)f(@)]2 does not, vindicating our assumption. The normal, as shown in Fig. 7. The system is, therefore, sensi-
two-photon values of (#) were calculated from the points tive to a possible asymmetry in the spatial distribution of the
given in Fig. 6 but with (:-R) values derived from the photoemission.
one-photon measurements. The two-photon values are in- The two laser pathéd andB are made equal in length to
cluded in Fig. 4 as the solid circles and triangles. They aravithin 1 cm over a total length of 2.5 m by using a delay line
seen to lie on the same curve as the one-photon data. THB). The two laser beam paths greolarized with respect to
independence df( #) from polarization argues strongly for a the surface by adjusting the rotational orientation of two high
dependence on wave vector rather than field as required bsxtinction Glan-Thompson linear polarizers. Two matched
LID. lenses then focus the light beams onto the sample. The con-
In a second experiment involving LIDFig. 7), radiation  vergence, and subsequent divergence of the two light paths
from a XeCl excimer laser exits the laser cavity as a rectanafter reflection from the surface, imparted to the light by the
gular beam about 1 cnix 2 cm. The most uniform central lenses allows one to observe the two light beams indepen-
portion of the beam is selected by a circular iris diaphragndently at any point along the light path. In this way the two
(1), resulting in a circular beanfabout 0.75 cm diameter beams can be aligned so that they counterpropagate precisely
which is split into two path\ andB passing through inde- over a path length several meters in length. Thus, the degree
pendent attenuatiofd), polarization selectiorfP), and fo-  of spatial overlap of the two beams at the surface is very
cusing (L) optics and impinging on a common spot on the high.
sample substratéS) situated inside an ultrahigh-vacuum  In order to ensure reasonably tight focusing of the laser
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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 10 '
chamber. Laser power measurements were made along the OB_SMFO,E,\TAH Ag PATH
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 to+300 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 beaB. With both
beamsA and B 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 @ather than % was ob-
served because the temporal coherence is much shorter than
the pulse duration of the lasegAlthough 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 achielre.
order to eliminate the possibility that our observations are a
trivial result of interference, measurements were made by 0
. : : . . 0 [ 2 3 4
purposely disturbing any possible coherence that might exist. PHOTOELECTRON ENERGY (eV)
The two pathsA andB in Fig. 7 are effectively the two arms
of Mach-Zener interferometer. A glass tuf@®) was placed
along one pathE) 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 phot

emission results were unaltered. ) .
Two films, a smooth one and a rough one, were generatefgction of the electric vector rather than the wave vector of

as 5 mm diameter circular spots one above the other, on tHbe light with respect to the surface normal. There should,
same substrate. The height of the substrate in the ultrahigfiferefore, be no reason why smooth as well as rough surfaces
vacuum chamber can be adjusted externally so that the phghould not manifest photoemission asymmetry. Even if one
toemission spectra of the two films can be recorded in turnPostulates that, for some reason, rough surfaces amplify the

Figure 8 shows the two-photon photoemission spectrun@Symmetry of the two-photon photoemission, it would be
for smooth and rough silver films. For the smooth films thedlfﬂcglt to reconcile t_hls W_lth the observed insensitivity to
photoemission spectra recorded alternately with the two lighthe direction of the orientation of the roughness features with
ray directions have a similar spectral distribution and total®SPect to the photoemission detector axis. Nor would the
integrated intensity. Contrariwise, for the rough films the to-&ngle of incidence effect on the total photoyield reported in
tal intensity of the photoemission spectra differed by over dX€fs- 27,34 be explicable under that assumption. .
factor of 2 according to the direction of illumination. The ~ We conclude, therefore, that the observed asymmetry in
photoemission was found to be greater in the direction of th@_”e angular distribution of photoelectrons is a strong indica-
wave vector of the light. This is consistent witi6) and  tion of the LID of hot electrons.

(28), (29) which suggest that the direction of the flow of the
excited electrons coincides with the direction of the wave VIIl. DISCUSSION AND SUMMARY
vector when the total photon energyi@=28 eV.

The possibility that the effect was a result of an asymme- Light-induced kinetic effects in solids exist as a result of
try of the roughness features themselves with respect to thde combination of momentum-selective excitation with
metal surface normal was eliminated by purposely producingtate-dependent scattering of carriers from impurities,
films with spatially asymmetrical surface features by deposphonons, excitons, etc. These effects result from entropy
iting silver obliquely on the cooled substrate at an angle otransfer between photons and particles, that is, from the
45°. The photoemission asymmetry was shown not to detransfer of order from photons to particles, rather than from
pend significantly on the mode of preparation of the surfaceradiation pressure(This sort of light-matter interaction
The results reported in Figs. 3 and 6 are from surfaces growhased on entropy transfer probably plays a role in other sys-
such that the direction deposition lay along the surface nortems as well. In particular, it provides a plausible explanation
mal. of some phenomena in astrophysics, such aDthé distri-

One should point out in passing that the experimentabution in the Universé®)
setup intrinsically breaks symmetry with respect to the sur- The light-induced kinetic effects considered here manifest
face normal so that even in the absence of LID, asymmetrithemselves as induced currents and/or potential differences
photoemission might be possible. In that case, the inequivan solids when a sample is irradiated by light. Partidlelec-
lence should be brought about by the asymmetry in the ditrons and/or holéswith momentum components directed

INTENSITY (arb. units )

FIG. 8. Energy-resolved photoelectron spectra from smooth and
rough films of Ag. The spectra are labeled according to the direc-
Oti_on of propagation of the light as in Fig. 7.
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along and opposite to the wave vector of the exciting lighttreatment are valid for a range of materials. In particular,
beam are shown to be inequivalently absorbed due to theffects due to interband optical transitions can occur in semi-
Doppler effect. This results in a light-induced carrier drift metals, semiconductors, and insulators. The potential differ-
that leads to an overall current in the sample provided th€nce in an open circuit due to LID is given by¢
particle translational relaxation is internal state dependent. =1J/(Noew) [see(17)], which is proportional to the sample
LID accompanying momentum nonconserving transitiongesistivity,r ~(Noex) ~* (No andp are the conduction elec-
was shown also to exist due to the slight difference in thelfon concentration and the particle effective mobility, respec-
volumes ofk space available to excited electrons movingt'Vely)- The LID current in this case is compensated by the
with and against the lightsee(39)]. The selectivity of the current due to the mduce_d electrostatic _potentlal dn‘fgrence
excitation is lower in this case compared to the case of dired€Sulting from the nonuniform charge displacement in the
electron transitions which conserve electron momentum and;’ampl_e. Sm_caq_Socr, th_e I_|g_ht-|nduced voltage Increases for
accordingly, the effect is also smaller. materials with high resistivity; hence, under the right circum-

Light-induced diffusive flow(LIDF) of carriers resulting stances, solids with IQW conductivity, such as se_mimetals,_
from the nonuniform spatial distribution of the light intensity semiconductors, and insulators, are more appropriate candi-

in the sample was also considered. In particular, the effect %qlates t.har'1 mhetali foilgw obser\éann ;f thesr(]a effectbs. Tr}e
the strong attenuation of the radiation in metals where th ey point is that the current depends on the number o

light penetration is only a few tens of nm was explored Theselectively excited particles rather than on the total number

intensity gradient leads to a nonuniform spatial distribution®’ c(;)nd_ugtmn_ electrt())ns._ The_refolre, n rlnaterlals with lO\lN
of excited electrons resulting, in turn, in large counterpropa-cor.] uctivity, it can be, In principle, as large as in metals
gating diffusive flows of excited electrons and holes. If theWhlle at the same time the resulting potential difference can

mobilities of the electrons and the holes are different, then ge much larger. A necessary condltlo.n for L.ID IS th? e?<|st—
ence of strong and momentum-selective optical excitations.

resultant LIDF occurs. Formula describing both effects si- . _ . )

multaneously the LID and LIDF is deriveigee(47)]. Our experimental observation of the spatially asymmetric
: OtRhotoemission from rough silver film is interpreted to be an

" indirect manifestation of the LID. The observed dependence

LID and LIDF result in the formation of a double layer o > : L ;
Y f the photoemission yield on the angle of the incident light

carriers in a thin metal film. To some extent this system ca

be viewed as a light-inducegkn junction. In a steady state IS successt_JIIy explained in terms of LID.
the two currents associated with LID and LIDF are compen-, | "€ Spatial asymmetry of the photoelectrons suggests that

sated by a current due to the light-induced voltage. An atj[he photoelectrons leaving the surface possess a nonzero to-

tractive feature of this pseudop“n junction” in metals is _tal momentum. Accordmgly, t_he_same should be true regard-
the fact that it can be controlled by light. ing the electrons remaining inside the sample. Thus, asym-

It is also worth noting that the simultaneous initiation of metrical photoemllssmn IS anhupated fo result n a net
the large particle gradients and LID and/or LIDF currentsCUrent of the carriers left k_)_e_hmd in the sample. Th's effect
can result in very interesting and complex electron dynamicsgan occur even i th_e mOb'IE'eS of the electrons in the two
In particular, both longitudinal and transverse potential dif- ands are identical, i.evym; =v,m;.
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