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Transition absorptionof electromagnetic field energy by an electron passing through a boundary between
two media with different dielectric permittivities is considered both classically and quantum mechanically. It is
shown that transition absorption can make a substantial contribution to the process of electron photoemission
from metals due to the surface photoelectric effect.

Transitionemission, first theoretically predicted in the work
of Ginzburg and Frank in 1946 [1], takes place when an elec-
tron passes through a boundary between two media with dif-
ferent dielectric permittivities. Transition emission was stud-
ied in a large number of papers and was applied, e.g., for
charged particle detection in high energy physics [2]. It isob-
vious than the inverse process of transitionabsorptionshould
also exist, i.e., an electron passing through a boundary be-
tween two media with different permittivities should be able
to absorb the energy of electromagnetic field if such field ex-
ists at the boundary. Transition absorption is particularly in-
teresting in relation to the problem of electron photoemission
from metallic nanoparticles or nanoantennas [3–9]. One of the
photoemission mechanisms (the surface photoelectric effect)
was found to depend both on the potential step and on the di-
electric permittivity step at the interface between a metaland
another medium (dielectric, semiconductor, or vacuum) [4,5].
The dependence on the permittivity step suggests that tran-
sition absorption can play an important role in photoelectric
processes and should be carefully investigated.

In this Letter, we perform a qualitative analysis of transition
absorption and derive simple expressions that characterize this
effect both classically and quantum mechanically. We start
by considering the electromagnetic field energy absorptionby
a classically described electron passing through a boundary
between two media, following a method used earlier for the
analysis of the anomalous skin effect [10, 11]. Then we calcu-
late the quantum mechanical probability for such an electron
to absorb a photon from the electromagnetic field and show
that the quantum mechanical results for the absorbed energy
converge to the classical ones in the limith̄→ 0. Finally, we
identify the role of transition absorption in the surface photo-
electric effect at a metal boundary, and demonstrate that this
role is important.

We note that Brodsky and Gurevich in Refs. [12, 13] pre-
sented general formulas for the probability amplitudes of elec-
tron photoemission, which included the roles of both poten-
tial step and dielectric permittivity step, as well as accounted

Figure 1. (a) An electron (a classical charged particle) moves along
a straight line normal to the boundary between two media withdif-
ferent permittivities and passes through that boundary. (b) The en-
ergy diagram of a corresponding quantum mechanical problem: an
electron impinging upon a boundary between two media can either
absorb or emit a quantum̄hω as it passes through the boundary.

for the change of effective electron mass at the metal bound-
ary. However, they did not perform any specific study of the
permittivity step influence and only used their general formu-
las to arrive at more specific expressions, which only took
into account the influence of the potential step. Therefore
Refs. [12, 13] did not touch upon the subject of transition ab-
sorption, nor upon its role in photoemission.

Consider first the classical description of transition absorp-
tion, following the model in [6, 7]. We suppose that the half-
spacez< 0 is filled with medium 1 with dielectric permittivity
ε1 and the half-spacez> 0 is filled with medium 2 with per-
mittivity ε2, as shown in Fig. 1(a). We further assume that
electric fieldE1 andE2 exists in the medium 1 and 2, respec-
tively, and that the field is time-harmonic with frequencyω ,
uniform in thex–y plane, and polarized along thez-axis in
both media:

E1,2(t,r) = ẑE1,2(t,z) = ẑE1,2(z)e
−iωt + c.c. (1)

The complex field amplitudesE1 andE2 satisfy the boundary
condition atz= 0:

ε1E1 = ε2E2. (2)
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It is obvious that the field in both media can be represented as

E (t,z) = [E1(z)+ (E2(z)−E1(z)) ·Θ(z)]e−iωt + c.c., (3)

whereΘ(z) is the Heaviside unit step function.
Suppose that the electron is moving in the field given by

Eq. (3) fromz= −∞ to z= ∞, passing the interface between
the media atz= 0. The electron motion is described by the
equations

v̇= eE[t,z(t)]m−1,

ż= v(t),
(4)

whereE[t,z(t)] is the field acting on the electron located at
z(t) at time t, m is the electron mass, ande = −|e| is its
charge. Att =−∞ (or z=−∞) the electron moves at the con-
stant initial velocityv0. We assume that the field is adiabati-
cally switched on and off along thez-axis, i.e.,E1(z) = E1eκ1z

for z< 0 andE2(z) = E2e−κ2z for z> 0, applying the lim-
its κ1,2 → 0 at the final step. For sufficiently weak fields in
Eq. (3) so that the electron velocity is only weakly affected,
the solution of Eqs. (4) can be found using the perturbation
theory by expanding the variablesz(t) andv(t) in terms of the
weak field amplitudes:

v(t) = v0+ v1(t)+ v2(t)+ . . . ,

z(t) = z0(t)+ z1(t)+ z2(t)+ . . . ,
(5)

where

z(t),v(t) ∝ |E1,2|n, n= 0,1,2, . . . (6)

In the zero-order approximation we get

z0(t) = v0(t − ts), (7)

wherets is the moment of time when the electron would pass
the boundary if no field were present. Without loss of gener-
ality we can assume thatts = 0 [6, 7].

One can find that the difference between the electron’s en-
ergy in the two media (the energy change as the electron
passes through the boundary) is non-vanishing starting from
the second order of the perturbation series and has the form

∆Wclassic=
〈

mv2(+∞)/2−mv2
0(+∞)/2

〉

≈ (m/2)
〈

v2
1(+∞)

〉

+mv0〈v2(+∞)〉 ,
(8)

where〈. . .〉 denotes the averaging with respect to the phaseφ1

of the complex amplitudeE1 = |E1|e−iφ1 [6, 7].
Substituting the expansions in Eqs. (5) into Eqs. (4), in the

first order of the perturbation theory we find

v1 (+∞) =
ie|E1|
mω

[

e−iφ1

(

1− ε1

ε2

)

−e+iφ1

(

1− ε∗1
ε∗2

)]

, (9)

and therefore,

〈

v2
1 (+∞)

〉

=
2e2

m2ω2 |E1|2
∣

∣

∣

∣

ε1

ε2
−1

∣

∣

∣

∣

2

. (10)

In the second order the expression forv2(+∞) turns out to be
rather bulky, so we only give the explicit form of its average:

〈v2 (+∞)〉= e2

m2ω2v0
|E1|2

∣

∣

∣

∣

ε1

ε2
−1

∣

∣

∣

∣

2

. (11)

Substituting Eqs. (10) and (11) into Eq. (8), we finally get

∆Wclassic=
2e2

mω2 |E1|2
∣

∣

∣

∣

ε1

ε2
−1

∣

∣

∣

∣

2

=
2e2

mω2 |E2−E1|2 . (12)

Equation (12) shows that the average energy absorbed by
the electron passing from medium 1 to medium 2 is propor-
tional to the square of the dielectric permittivity difference,
i.e., ∆W ∝ |ε1 − ε2|2. This constitutes the effect of transi-
tion absorption. It exists irrespective of the sign ofε1 − ε2,
i.e., irrespective of whether the electron passes from medium
1 to medium 2 or the other way around. As will be shown
below, the classical expression (12) remains valid in the quan-
tum case if the quantum energy is much less than the electron
energy (̄hω ≪ ui).

Note that the first-order correction to the electron velocity
is sufficient for the description of the anomalous skin effect
[12, 13] because it is typically considered for the normal inci-
dence of light on the metal boundary, so light causes the elec-
trons to oscillate parallel to the boundary. In such a case, at
least for electrons normally incident on the boundary and ex-
periencing specular reflection from it, the expression for∆W
similar to Eq. (8) contains no term proportional tov2(+∞),
since the initial velocityv0 and the velocityv2(+∞) are per-
pendicular to each other. On the contrary, for the transition
absorption in the geometry shown in Fig. 1(a) the term pro-
portional to〈v2(+∞)〉 in Eq. (8) is non-vanishing and equal to
the term proportional to〈v2

1(+∞)〉. The substantial contribu-
tion of both these terms requires the application of the regular
perturbation theory up to the second order.

Now let us consider the transition absorption effect quan-
tum mechanically, showing that quantum mechanical calcu-
lations also converge to Eq. (12). Figure 1(b) shows the set-
up of the problem. An electron with energyui = h̄2k2

i /2m
(ki being the electron wave number) is normally incident on
the boundary between two media. When passing through
the boundary, the electron can either absorb or emit a quan-
tum of electromagnetic energȳhω with probabilitiesp+ and
p−, respectively. The energy of the electron then becomes
u± = h̄2k2

±/2m= ui ± h̄ω . The probabilitiesp± can be found
using the Fermi golden rule as

p± = p± (ko) =
m

h̄3 ·
1
k±

·
∣

∣〈i|H ′
± | f±〉

∣

∣

2
, (13)

where the initial and final wave functions of the electron are,

|i〉= v−1/2
i e+ikiz, | f±〉= e+ik±z, (14)

the subscripts+ and− corresponding to photon absorption and
emission, respectively. The interaction HamiltoniansH ′

± are

H ′
+ =

ih̄e
2m

∂Az(z)
∂z

+
ih̄e
m

Az(z)
∂
∂z

, H ′
− =

(

H ′
+

)∗
. (15)
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Figure 2. Photoelectron emission from metal: an electron with en-
ergy ui absorbs a photon with energȳhω during collision with the
potential barrierUb at the metal boundary, overcomes the barrier and
leaves the metal.

Here the vector potential component of the electromagnetic
field Az(z) is equal toA1 for z < 0 and toA2 for z > 0;
this potential is related to the electric fieldEz(z) asAz(z) =
−iEz(z)/ω . Using Eqs. (14)–(15), Eq. (13) results in

p± =
e2ui

2mh̄2ω4
·

(

1+
√

1± h̄ω
ui

± h̄ω
2ui

)2

√

1± h̄ω
ui

· |E2−E1|2 . (16)

Similarly to the classical analysis, we assume adiabatically
smooth variation of the field (on-off switching) along thez-
axis during the integration overzneeded to evaluate the matrix
element in Eq. (13).

Now we can use Eq. (16) to derive the average energy
transferred from the field to the electron passing through the
boundary between two media:

∆Wquantum= h̄ω · [p+− p−] . (17)

In the classical limit̄hω/ui ≪ 1 Eqs. (16) and (17) result in

∆Wquantum≈ 2
e2

mω2 |E2−E1|2 , (18)

which coincides with the classical result given by Eq. (12).
Now let us show how transition absorption influences the

electron photoemission from metals. In the surface photo-
electric effect scenario investigated, e.g., in [4, 5, 12, 13], an
electron with the wave numberki and energyui = h̄2k2

i /2m
is normally impinging on a potential step with heightUb,
which models a boundary between a metal and some adjacent
medium (semiconductor, dielectric or vacuum), into which
electrons can be emitted from metal, as seen in Fig. 2. The
structure contains a light wave with electric field amplitudes
E1 andE2 in medium 1 (metal) and medium 2 (e.g. semicon-
ductor), respectively. As an electron collides with the poten-
tial step, it can absorb a photon with energyh̄ω . If the elec-
tron’s resulting energyui + h̄ω exceedsUb, then the electron
can leave the metal. Following, e.g., the steady-state perturba-
tion theory [4], one can derive the probability of photoelectron
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Figure 3. Spectrum of the photoemission coefficientcout defined
in Eq. (21) for Au/GaAs interface withui = 5.5eV and Ub =
ui + 0.8eV. Full contribution taking into account both the inverse
bremsstrahlung term and the transition absorption term in Eq. (19)
(curve1, solid line) is compared with the result of keeping only the
inverse bremsstrahlung term (curve4, dashed line) and only the tran-
sition absorption term (curve3, chain line); the dotted line (curve2)
shows the special case ofE1 = E2 (neglecting the dielectric permit-
tivity step at the boundary). The inset shows the behavior ofcurves
1 and4 near the photoemission threshold.

emission

pPE= 0.25KPE

√

ui + h̄ω −Ub

×
∣

∣

∣

∣

(E2+E1)Ub− (E2−E1)
(

√

ui + h̄ω + i
√

Ub−ui

)2
∣

∣

∣

∣

2

,

(19)
where

KPE=
8e2

mh̄2ω4U2
b

·
√

ui ·
∣

∣

√
ui − i

√
Ub−ui

∣

∣

2

∣

∣

√
ui + h̄ω +

√
ui + h̄ω −Ub

∣

∣

2 . (20)

The first term inside the modulus on the second line of
Eq. (19),(E2+E1)Ub, describes the contribution to photoe-
mission stemming from the process of electron collision with
the potential step, the so-called inverse bremsstrahlung [14].
This term disappears forUb → 0 and contains the sum of the
field amplitudes,E2+E1, i.e., the inverse bremsstrahlung per-
sists if the two media have equal permittivities (ε1 = ε2). On
the contrary, the remaining second term in Eq. (19) is propor-
tional toE2−E1, and thus vanishes ifε1 = ε2. It is this term
that corresponds to the contribution of the transition absorp-
tion to photoemission; one can see that it converges top+ in
Eq. (16) in the limitUb → 0. One can also see from Eq. (19)
that the contributions from these two terms are not additive
but undergo quantum interference of their complex probabil-
ity amplitudes.

Consider an example when photoelectrons are emitted from
a metal into a semiconductor [8, 9]. The incident electron
energy is taken to beui = 5.5eV (the typical Fermi energy
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in gold and silver), and the potential step isUb = ui +0.8eV
(meaning thatpPE> 0 only for h̄ω > 0.8eV). The dielectric
permittivity of the semiconductor isε2 = 13 (GaAs), whereas
for the metal the Drude model is assumed so thatε1 = 1−
(h̄ωp)

2/[(h̄ω)2 + i(h̄γp)(h̄ω)] with h̄ωp = 8.9eV andh̄γp =
0.07eV, which are typical values for gold.

The calculation results are presented in Fig. 3 in the form
of the spectral dependence of the surface photoemission coef-
ficient defined as

cout(h̄ω ,Ub,ui ,E1/E2) = pPE/|E2|2. (21)

This coefficient is convenient because it does not depend on
the field strength (unlike the probabilitypPE) and thus char-
acterizes only the media properties as well as the electron
and photon energies. The solid line in Fig. 3 shows the full
cout calculated according to Eqs. (19)–(20), taking both ef-
fects (inverse bremsstrahlung and transition absorption)into
account. The dashed line shows the case when only the in-
verse bremsstrahlung is retained, i.e., only the first term is kept
inside the modulus in Eq. (19). The chain line similarly shows
the case when only the transition absorption [the second term
in Eq. (19)] is retained.

The comparison between these three curves shows that tran-
sition absorption contribution to the overall photoemission is
generally the strongest. Interestingly, the account for transi-
tion absorption causes the total photoemission coefficientto
decrease close to the threshold value ofh̄ω (slightly over 0.8
eV, see inset in Fig. 3). This results from destructive inter-
ference of probability amplitudes in Eq. (19) caused by the
minus sign between the two terms. Ash̄ω increases further
away from the threshold, the inverse bremsstrahlung contri-
bution becomes vanishingly small. Indeed, the Drude formula
predicts that the absolute value of Reε1 decreases with the in-
crease of̄hω , and that Reε1 remains negative. As a result, the
first term inside the modulus in Eq. (19) has a minimum when

Re(ε1)+ ε2 = 0, (22)

which takes place at the values ofh̄ω around 2.5 eV for the
chosen parameters. Nevertheless, the full photoemission coef-
ficient is non-zero in that range, decreasing to an almost con-
stant value after the peak at 0.9 eV instead. Such behavior
is the direct consequence of transition absorption. Therefore
we can conclude that transition absorption makes a dominant
contribution to photoelectron emission throughout the entire
considered spectral range for the chosen parameters.

Note that the vanishing of the inverse bremsstrahlung con-
tribution given by Eq. (22) takes place in the optical range
(h̄ω ≃ 2. . .3eV) for the internal photoelectric effect when the
medium 2 has a relatively largeε2, as considered here. For
the external photoelectric effect when that medium is vacuum,
Eq. (22) is satisfied for photon energies larger by 3–4 times.
In such a case the frequency dependence of all curves in Fig. 3
would be dominated by the coefficient in front of the modu-

lus in Eq. (19), so all the three lines (solid, dashed and chain)
would become approximately congruent to each other.

Finally, the dotted line in Fig. 3 shows a frequently used ap-
proximation (see, e.g., [13] and references therein) assuming
that the fields inside the metalE1 and outside the metalE2 are
equal (E1 = E2). Comparing this curve to the accurate result
of Eq. (19), we see that this approximation overestimates the
coefficientcout very substantially (by a factor of about 4) for
the values of̄hω such that|ε2/ε1| ≪ 1, and underestimates
cout for higher photon energies. So, we see that the approxi-
mationE1 = E2 can be regarded as only qualitatively correct.

To summarize, we have addressed the problem of transition
absorption of light wave energy by an electron as it passes
through a boundary between two media, and have solved this
problem both classically and quantum mechanically. In the
limit when the photon energy is much less than the electron
energy, the classical and quantum results converge to each
other. We have also shown that transition absorption makes
a substantial contribution to the process of surface photoelec-
tron emission from metallic nanoparticles.
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