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This Letter reports measurements of sec-
ond-harmonic generation of light at the bound-

ary of alkali halides and glasses along with
further measurements of some semiconductors
and metals. The second-harmonic power re-
flected from the surface of transparent mate-
rials was found to be lower by several orders
of magnitude than that generated at semicon-
ductor and metallic surfaces. ' Second-har-
monic generation was also studied in transmis-
sion through thin platelets of glass and LiF.

The second-harmonic generation in media
with inversion symmetry has been discussed
by several authors. ' ' For centrosymmetric
isotropic medium, the lowest order contribu-
tion to the nonlinear polarization at the second-
harmonic frequency 2&@, denoted by Pf(2&v),
may be given phenomenologically as

P.(2(u) = (a-p)E. ((u)v.E (cu)+ pE ((u)v. E.((u)

The coefficients are expected to be of the or-
der of 10 "esu for transparent materials, '
about 10 "esu in semiconductors, and 10
esu in metals. All materials will be assumed
to be isotropic, as no signals due to the addi-
tional terms present with cubic crystals have
been observed in this or previous experiments. '

For a transverse electromagnetic wave, the
first two terms in Eq. (1) are zero in the bulk;
the last term gives rise to a longitudinal po-
larization, and so it is observable only in ex-
periments involving a discontinuity, such as

the boundary of a medium. This bulk term
alone cannot explain the observed effects, and
a proper account must include phenomena as-
sociated with the surface itself. To this end,
the model of Bloembergen' ' will be used.
According to this model, the nonlinear surface
effects arise primarily from the rapid varia-
tion of the normal component of the electric
field over a thin layer at the boundary of the
medium. Assuming that the thin layer has the
same dielectric constant as that of the bulk,
this model predicts that the surface effects
can be described in terms of a nonlinear po-
larization equivalent to the o and P terms in
Eq. (1). For layers thin compared with a wave-
length, the corresponding second-harmonic
amplitude depends on the total change of the
normal component across the layer and is in-
dependent of the detailed variation within the
layer.

An alternative model to describe the surface
effects is to assume that the surface is piezo-
electric. ' General symmetry considerations
show that the only new term distinguishable from
the previous model is of the form Pnormal(2u)
~ EjEj . A slightly different angular dependence
not detectable in this experiment would follow
from a term of this form.

The coefficients o., P, and y are generally
complex, but are real in a lossless medium.
These coefficients can be determined by mea-
suring the power and polarization of the sec-
ond harmonic produced with the fundamental
beam polarized at 45 and 90 with respect to
the plane of incidence. Using Eq. (1) and as-



VOLUME 20, NUMBER 13 PHYSICAL REVIEW LETTERS 25 MARCH 1968

suming the existence of a strong gradient of the normal component of the electric field in a thin

layer at the boundary, "one calculates the second-harmonic power reflected from an air-dielec-
tric interfaceii as follow

P 'I =(16m /X) cos 8. (p(e —1)sin8 /(glpopl )IF0A
J z

I's~ ~osglr
~'s "&'r~ ~lsgor

~ls lr ~ os'~' 's

Here the fundamental beam has an area A, an
electric field amplitude E„and an angle of
incidence 8;. The wavelength of the second-
harmonic radiation is denoted by X. The com-
ponents of the second-harmonic power polar-
ized parallel and perpendicular to the plane
of reflection corresponding to the fundamen-
tal beam polarized at 45' to the plane of inci-
dence are P~~ and P~, respectively. The sec-
ond-harmonic power generated with the funda-
mental beam polarized perpendicular to the
plane of incidence and always polarized in the
plane of reflection is denoted by P&. The an-
gle of refraction is denoted by 8; the dielec-
tric constant by e,' the subscripts S and T re-
fer, respectively, to the fundamental and sec-
ond-harmonic frequencies; g0 = f cose;+ cose;
and g1 = E' cos8+ cosOg'.

The experiments were performed with a ru-
by laser Q switched by a rotating prism and
fired at a repetition rate of one pulse per sec-
ond. The output from the laser was approxi-
mately 30 mJ in energy, 0.4x10 ' cm in cross
section, and 100 nsec in duration. For reflec-
tion measurements, the samples were placed
in a convergent beam half-way between a 50-
cm focal length lens and its focus. For KI and
other high-index materials, it was necessary
to attenuate the laser beam to prevent dielec-
tric breakdown either at the sample surfaces
or within the samples. Individual photoelec-
trons were detected using a high-gain photo-
multiplier and an analog sampling circuit. "
Typical signal level for transparent materials
amounted to about 20 photoelectrons per 1000
laser shots, with the background count less
than 4 photoelectrons per 1000 shots. The mea-
surements of harmonic power to be reported
herein represent an average over as many as
up to 5000 laser shots; so the uncertainty for
each measurement was reduced to 10% or less.

Table I. Second-harmonic power generated at the
boundary of centrosymmetric isotropic media and cu-
bic crystals. The angle of incidence for the fundamen-
tal beam was 60'.

Material

Second-harmonic
conversion efficiency

(10 ~)

P ~~/P&

CaF,
BaF2
NaF
LiF

Fused silica
BSC glass

KBr
KCl
NaCl
KI
MgO
Si
Ge
Au

Ag

5.5
6
8.5
8
8.5
8
6..5

12
9.5

25
35

110
60

320
3000

a
a
a
a
a
a

1.4
4

120
160
240

1900

0.9
0.8
0.96
0.8
0.96
0.9
0.73
0.61
0 4
0.31
0.11
5.1

17
ll
13

aEstimated to be 1.0 or jess.

! For alkali-halide crystals, no difference was
observed between results obtained with polished
(100) surfaces and with cleaved surfaces. The
semiconductor surfaces were lapped and etched
to minimize work damage at the surface. '
Samples of single-crystal silver and gold were
electropolished in a mixture of 95% ethanol
and 5% phosphoric acid and in KCN solution,
respectively. The results were reproducible
to within about 15% for all materials indepen-
dently of the surface treatments.

The measurements of reflected second-har-
monic power are summarized in Table I. With
the fundamental beam polarized perpendicular
to the plane of incidence, the second-harmon-

669



VOLUME 20, NUMBER 1) PHYSICAL REVIEW LETTERS 25 MARCH 1968

ic wave was found to be polarized in the plane
of reflection for all materials. With the fun-
damental beam polarized at 45 with respect
to the plane of incidence, the harmonic wave
for transparent materials was linearly polar-
ized with the E vector lying in the same quad-
rant as the fundamental beam, but for metals
and semiconductors, it was slightly elliptical-
ly polarized. In the latter cases, no effort
was made to determine accurately the elliptic-
ity and orientation of the polarization. Using
the refractive-index data available in the lit-
erature, "the values of o. , P, and y deduced
a.ccording to Eqs. (2)-(4) are listed in Table II.

The data were insufficient for deducing o/P
in metals and semiconductors.

Second-harmonic generation was also stud-
ied in transmission through thin platelets of
glass and LiF. When the platelet was immersed
in index-matching liquid, the second-harmon-
ic power generated was reduced by about a
factor of 400 from that generated when the plate-
let was in air. Figure 1 shows the second-har-
monic power generated in transmission through
a glass platelet in air as a function of the an-
gle of incidence. The experimental points can
be described fairly well by an equation of the

!
following form:

second-harmonic generation ~ (2 cos8./g )~ sin'(Ay) sin'8
i oS i

x [4 sin8 sin6 + cos8 cos8 ]'/(e '~' cos8. + cos8 )',
z

(5)

where &y = (~d/c)(eS cos6$ eT cos8T) and

d is the thickness of the platelet. Equation
(5) may be obtained from the analysis of Bloem-
bergen and Pershan" by neglecting the inter-
ference due to the channel spectra at the har-
monic frequency and setting o./P = 4 and y = 0.
The data represent poor averaging over the

rapid modulation with angle of the generated
harmonic power. This modulation arises from
the multiple reflections of the waves in the

platelet at both the fundamental and harmon-

Table II. Values of the nonlinear susceptibility con-
stants e, P, and p deduced from the harmonic-power
measurements listed in Table I.

! ic frequencies. These interference effects
rendered it difficult to obtain quantitative in-
formation from the transmission measurements.

The values of the coefficients in Table II are
of the expected order of magnitude for all ma-
terials. It is interesting to observe that for
transparent materials, the ratio n/P is found
to be approximately 4 within experimental ac-
curacy independently of the surface treatments.
Also, the. coefficients seem to depend mono-
tonically upon the index discontinuity at the
interface. This idea is supported by the obser-
vation that second-harmonic generation was
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Material
P

(]0~6 esu)

CaF,
BaF2
NaF
LiF

Fused silica
BSC glass

KBr
KCl
NaCl
KI
MgO
si
Qe
Au

Ag

4.0
4.0
3.4
3.6
4.2

4 6
4 0
3.9
4 5
4.2

b
b
b
b

0 4
0 4
0.5
0.5
0.5
0.5
0.45
0.6
0.55
1.0
1.2
6.9
4.9
3.0
5.3

aEstimated to be less than 0.1.
bSee text.
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FIG. 1. Second-harmonic power generated in trans-
mission through a glass platelet as a function of angle
of incidence. The experimental points were obtained
with an unfocused laser beam polarized in the plane of
incidence. The solid curve is a plot of Eq. (5) with X

=3472A, d=2.12&&10 cm, n=1.5219, and An=0.031.
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not detectable under index-matching conditions.
At present, theory remains to be developed
to explain these various effects. The present
experimental capability also needs to be refined
to observe deviations of n/P from the constant
value, thus providing a new tool for studying
the optical properties of surfaces.

The authors are indebted to R. W. Terhune
for suggesting this investigation, and for in-
valuable comments and discussions through-
out the experiments.
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The binding energy and single-particle energies have been calculated for 0~6 using re-
action matrix theory and a meson-theoretical nucleon potential due to Green and Sawada.
The binding obtained is 7.2 MeV/nucleon after Coulomb and center-of-mass corrections,
in reasonable agreement with the experimental 7.98 MeV/nucleon.

Recent developments in the reaction-matrix
(K-matrix) theory of the nuclear many-body
problem indicate that potential energies in the
particle spectrum should be neglected when
defining the K matrix. ' The binding energy
is then calculated with good accuracy to first
order in the K matrix thus defined.

Hard-core potentials like the Brueckner-Gam-
mel-Thaler (BGT) or Hamada-Johnston (HJ)
potentials then give much too little binding for
nuclear matter pr fpr 0 .3 Spftening pf the
core, while preserving the free-scattering
properties, increases the binding somewhat
but, as it seems, not sufficiently. The static
hard-core and soft-core potentials currently
in use reproduce two-body scattering data quite
well but are mainly phenomenological. In this
Letter we report on some calculations using
one of the meson-theoretical potentials derived

by Green and coworkers. '~' The "one-param-
eter, almost relativistic, regularized poten-
tial" of Green and Sawada' (to be referred to
as G.S. 1) was chosen for simplicity.

The method of calculating the K-matrix ele-
ments has been presented in previous papers. ' '
In Fig. 1, curve A. , the results are shown for
the energy per particle of 0" for the potential
used. There is no sign of saturation for rea-
sonable values of the oscillator parameter P (h~
=PS'/M). However, the G.S. 1 potential that
we used reproduces all but the 'P, phase shifts
quite well. The total contribution of 'P, K-ma-
trix elements to the energy of 0" is shown in
Fig. 2 in the curve labeled "G.S. 1." This con-
tribution is positive and decreases with increas-
ing P. For comparison is shown the correspond-
ing 'I', contribution to the energy for the HJ
potential. The latter is seen to increase quite
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