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Third-harmonic generation in strongly absorbing media has been measured in reflection,
by means of a picosecond pulse train from a mode-locked Nd-glass laser. The nonlinear sus-
ceptibility x*¥8w) has been measured in the semiconductors diamond, Si, Ge, and GaAs, and
the metals Be, Mg, Al, Cu, Ag, and Au relative to LiF. The data are compared with data for
x ® obtained in the infrared from frequency mixing with CO, lasers. The different dispersion
characteristics for valence- and conduction-band contributions are pointed out. The cubic an-
isotropy of x(3’(3w) in silicon and several alkali halide crystals is determined by means of
circularly polarized laser pulses. The selection rules for the generation of circularly polar-
ized third harmonics have been confirmed both in transparent and in absorbing media.

I. INTRODUCTION they are generated by a higher-order nonlinear
polarization in the small absorption depth at the

Optical third-harmonic generation (THG) in third-harmonic frequency. The intensity of the

transmission was first detected by phase matching
in calcite by Terhune et al.! They also measured
the susceptibility and anisotropy in LiF and other
alkali halide crystals.? THG in gases was observed
by New and Ward.® They discovered that phase-
cancellation effects from focusing into a homogeneous
medium of infinite extent eliminate THG. Phase-
matched THG was achieved in a liquid by Bey
et al.* by utilizing the anomalous dispersion due
to dye molecules placed in a normally dispersive
liquid. The same workers also observed THG in
reflection from the same dye-liquid combination
by achieving phase matching near the critical angle
for total internal reflection.® Non-phase-matched
THG in reflection was observed by Wang and
Baardsen, ® who remeasured TH susceptibilities
for the alkali halides and glass. The first reflected
THG from strongly absorbing media was reported
by Bloembergen et al.”

The observed signals are necessarily weak, since

incident laser light must be high, and yet thermal
damage due to absorption cannot be tolerated. If
the medium is also strongly absorbing at the funda-
mental, the use of high-intensity picosecond laser
pulses is essential. In this paper more details on
the experimental method and more complete exper-
imental data are presented. The dispersion of the
nonlinear susceptibility in the absorbing frequency
ranges is of theoretical interest.

In Sec. II the pertinent theory of THG in reflec-
tion and transmission is briefly reviewed. Section
III describes the experimental techniques. In Sec.
IV we present the experimental results for some
semiconductor crystals of cubic symmetry, in-
cluding diamond, Si, Ge, and GaAs. The dispersive
behavior of x‘® is discussed and a comparison with
other data for x® obtained from frequency mixing
in the infrared is made. The influence of conduc-
tion electrons and surface preparation is inves-
tigated. In Sec. V the cubic anisotropy of x‘® in
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alkali halide crystals and semiconductors is de-
termined, and experimental results for THG by
circularly polarized laser beams in absorbing
media are described. It is established that the
selection rules for the generation of circularly
polarized harmonics® ™! are also valid in absorbing
media. This is of interest and relates to the ques-
tion of conservation of angular momentum in the
generation of circularly polarized harmonics. % 13
It is shown how the theory can be extended to in-
clude dissipative processes.

In Sec. VI the results for THG in some polycrys-
talline metals, Be, Mg, Al, Cu, Ag, and Au are
given. The dependence of THG on the angle of in-
cidence is determined and the variation of x® in
different metals is discussed.

II. REVIEW OF THG THEORY

A theoretical expression for the TH polarization
in a nonlinear medium was first given by Armstrong
et al.,* and the waves created by this polarization,
both in reflection and transmission, were discussed
by Bloembergen and Pershan.!® Much work has
been done on reflected second-harmonic genera-
tion.'® The theory for THG is entirely analogous
and the purpose of this section is merely to present
the equations necessary to derive the nonlinear
susceptibility tensor x‘® from the experimental
observations.

The symmetry properties of x‘® for THG have
been given by Terhune et al.! In cubic crystals of
point group symmetry 432, 43m or m3m the tensor
has only two independent elements and the nonlinear
TH polarization has components given by

PYL(3w) =3x B, E4(E « E) + (x &) - 3xIET, (1)

xXXVYy
where i refers to the three cubic axes ¥, 3’3, and Z.
|

10247° cos®o;
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For isotropic materials, the TH polarization is al-
ways parallel to the applied fundamental field, and
Xs9),.=3x$3), is the isotropy condition.

A useful experimental geometry is one in which
both the laser and the third-harmonic electric
fields are polarized normal to the plane of incidence.
This may be achieved in several ways in a crystal,
whose face normal is in the [001] direction. The
laser may be polarized along the [010] direction,
or by rotating the crystal around its normal by
45°, along a [110] direction. In the first case the
nonlinear polarization perpendicular to the plane
of incidence has the magnitude

P (3w) = Xzmal(E)? (2)
and in the second case
PfL(3w) = %(Xa(ci;x‘l“ SXJ(G:J:‘)’)}V) (EJ.)S . (3)

Here E, is the laser field inside the medium and
is related to the incident laser amplitude by the
Fresnel formula

E. gD 2cos6; , - .
7T cos; +€1/?3(1 - sin®e,)Y

Here 6, is the angle of incidence and €}/?is the

index of refraction at the laser frequency. The
amplitude of the reflected TH wave is proportional
to PfL (8w) and the observed reflected harmonic
intensity is determined by

|ES|?=|x|2Ff0,, o) | EL|® . (5)

4

Here X stands for the relevant combination of
tensor elements in Eqs. (2) and (3), respectively,
and FF is a function of the angle of incidence and
the indices of refraction, €;/% at w and €}/ 2 at 3w,
which are complex quantities in an absorbing

medium;

1

Ff (9{, €)=

If the nonlinear medium is transparent at the

fundamental frequency, the THG can alsobe observed

in transmission. It will be assumed that multiple
reflections of the fundamental beam may be ig-
nored. This will be the case if the Fresnel reflec-
tion coefficient is small (it enters THG formulas
with a high power), or if multiple reflections do
not overlap in space because the angle of the light
beam with the normal is sufficiently large. In gen-
eral, the TH field in the medium, consists of a
driven inhomogeneous solution of the wave equation
with wave vector kj = 3k] equal to three times the
wave vector of the transmitted laser beam, and a
homogeneous solution of the wave equation with
wave vector Ky . The field observed just outside

I'cosd; +(e; —sin0,) 721 cosd; + (€5 — sin%0,)7 2|2 | (e, —sin®;)1 2+ (¢, — sin%;) /2|

(6)

[
the slab of thickness 7 is

47pPy"
Eg‘]. = >

(fse'® T —fre®?) (7)
€ — €3

where we have kept account of the fact that the
Fresnel factors for transmission at the exit plane
are, in principle, slightly different. We have

(€, — sin%0;)/ 2+ (¢, —sin’;)!/ 2

fS - (53 —Sin29,~)1/2+ COSG{ ’ (8)
2(e; —sin%,)!/?

— 9

Ir (€5 - sin®;)* 2+ cosh; ®

The observed TH transmitted intensity is propor-
tional to |EL,| % If the medium is absorbing at 3w,
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Eg is complex and the homogeneous wave solution
has decayed exponentially close to zero at the exit
face. In this case the TH transmitted intensity is
independent of the sample thickness. If the medium

2 cosb;
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is transparent at both w and 3w, and if the difference
in Fresnel factors is ignored ( fs =f;), one finds the
equation, which exhibits the familiar oscillatory
character due to the finite coherence length,

4(e, - sin’p;) o2 _TZ

(10)

2 2
65,2 S gy
s

with [, determined by

1(8w/c)[ (€, - sin®,)! /2 - (€5 —sin?0,) ¥l n=17 .
(11)
If the difference between fg and f. is taken into ac-
count, there would not be precise nulls in the
transmitted intensity; Eq. (10) is an approximation.

|

1 2

6
cosé; + (e, —sinZG,)WT> [(e; —sin®6,)' 72+ cosb;]?

cos®0.| €;(¢; —sin%,)'/ 2 — ¢, (¢, - sin0,)*/ 2| ®

sin y
lcoh(el)

[

The equations for the case, when the nonlinear
polarization has a component in the plane of inci-
dence, are generally more complicated. For iso-
tropic substances the fields at the fundamental and
TH frequency are parallel to each other. If they

“both lie in the plane of incidence, the following ex-

pression replaces Eq. (6) for the reflection case:

€
F® (6;, €) =10247° < _163 I

The components of the susceptibility tensor can
be determined exclusively from measurements with
the harmonic polarization normal to the plane of
incidence. In absorbing media the components of
x® are complex. From the intensity measurements

only absolute values such as |x), | and |x3),

+3x:3.1, or other linear combinations may be ob-
tained. The phase factors of the complex suscep-
tibility tensor elements can, in principle, be de-
termined unambiguously by an interference experi-
ment, where the same laser beam produces TH in
a transparent medium with real x® and in the ab-
sorbing medium. 8

It should be emphasized that the real and imagi-
nary parts both transform in the same manner under
the operations of the crystallographic point group.
The symmetry conditions imposed by cubic sym-
metry, or isotropy, remain valid for the complex
tensor elements. The permutation symmetry con-
dition, which holds for the real part, is, however,
generally not valid for the imaginary part. This is
equivalent to saying that the Onsager symmetry re-
lation, valid for linear dissipative processes, does
not generally exist in the nonlinear case.!®

It is of interest to consider especially the case
of circular polarization for light waves incident
normally on the nonlinear medium. For a circularly
polarized amplitude one has E - £=0. Equation (1)
shows that the TH polarization then vanishes in
isotropic media. It also shows that for a circularly
polarized light wave propagation along a cubic axis,
e.g., in the z [001] direction, E =A (% +4), the TH po-
larizationis circularly polarized inthe opposite sense

PI(30) = (Xexxy = BXexyy) A X F49) . (12)

| (¢, - sin®6,;)' 7%+ €, cosh; | °| €; cosB; — €;(€; — sin%6,)17?| 2

(6"

r

This equation shows that the circularly polarized
TH is a direct measure of the cubic anisotropy

of X**. Group-theoretical arguments or explicit
calculations with the Cartesian tensor elements of
x® can also show that a circularly polarized laser
beam propagating along an axis of fourfold sym-
metry in any material, must always produce a TH
polarization circulating in the opposite sense, and
that a circularly polarized laser beam propagating
along a threefold or sixfold axis of symmetry can-
not produce any TH polarization, %! Since these
are properties based on crystal symmetry, they
hold equally in transparent and in absorbing media.
For the present investigations the important im-
plication is that a circularly polarized laser beam
propagating along the body diagonal [111] in a cubic
crystal or in an isotropic absorbing medium cannot
produce TH generation.

III. EXPERIMENTAL TECHNIQUES

A. Apparatus

The laser used in these experiments was a Nd*3 -
glass mode-locked laser similar to that described
by DeMaria ef al.}” This type of laser was an es-
sential part of the experiment because its unique
time structure of ultrashort pulses combines the
characteristics of high intensity with low energy.
These properties are precisely what is needed to
observe THG in strongly absorbing media. High
intensity is required to generate TH while low en-
ergy is necessary to avoid surface damage and
thermal radiation,

The optical length of the cavity was 1.25 m, and
the front and back mirrors were 35 and 99. 9% re-
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flecting, respectively. The laser rod was a silicate-
glass double-Brewster-angle rod with 3% neodymium
doping made by Owens-Illinois. Its dimensions
were 7 in. long and 4 in. in diameter. The laser
was passively mode locked by Eastman 9860 Q-
switch solution at a concentration of 1.5% by volume
in 1, 2-dichloroethane. This gave a small signal
transmission of 87% in a dye cell 3 mm thick. The
rod was pumped in a dual elliptical water-cooled
cavity. Due to efficient cooling and low-energy
input (375 J per flash), the laser could be fired every
20 sec.

The mode-locked pulse trains varied in length
from 150 to 600 nsec. The energy output was
0.2-0.4 J with a power density of (2-5) X10° W/cm?.
The mode-locked pulse duration was measured by
the two-photon fluorescence technique to be approx-
imately 4.5 psec. The beam divergence was mea-
sured to be about 0. 2 mrad.

The experimental arrangement used in most of
these experiments is shown in Fig. 1. The laser
beam is divided into two parts, each of which tra-
verses a separate measuring arm of the experi-
ment. The sample of interest is placed in the sig-
nal arm, for measurement in reflection or trans-
mission. In the monitor arm, TH is generated in
a fixed LiF crystal in transmission. This monitor
signal calibrates the laser intensity for each firing
of the laser.

Since THG does not require a lack of inversion
symmetry, it can be generated both in glass and in
air, It was found that a large amount of TH was
generated in the laser itself, probably from the
glass rod. Filters such as Corning No. 7-57,
which absorb blue light, generate TH in the last
absorption depth near the exit face., These filters
also tend to emit broad-band fluorescence when ir-
radiated by high-intensity laser radiation. For
these reasons a prism was used in each arm to

separate the fundamental at 1.06 um from any blue
light that may be present. In order to eliminate
TH generated in the air, the laser was focused be-
hind the sample in a vacuum chamber. The TH
generated from the lens, windows, and the air out-
side the chamber was small compared to the sig-
nal, because the beam intensity is much higher at
the sample. It has been shown that through an
ideal focus, there should be exact phase cancella-
tion of THG in air.® Here the partially reflecting
sample is just before the focal region and this phase
cancellation is not exact. One then observes the
interference of the TH generated in the air and in
the sample. This was observed with the reflected
signal from Ge which increased by a factor of 2
when the atmosphere was admitted to the vacuum
chamber. A vacuum of less than 10-* Torr was
used to eliminate this problem. It was not neces-
sary to put the monitor crystal in vacuum, since

it was only a monitor of laser intensity and it did
not matter where the TH was generated.

The vacuum box was constructed with quartz
windows every 20° so that reflecting samples could
be studied under varying angles of incidence (6;)
and transparent samples could be studied in trans=-
mission. The samples were mounted on a rotating
stage which could be adjusted from outside the
chamber. Because of Brewster angle faces, the
laser beam was predominantly polarized with the
E field in the horizontal direction. A Glan-Kappa
polarizer defined the state of polarization precisely.
When vertical polarization, corresponding to the
E field normal to the (horizontal) plane of incidence,
was desired, a mica A/2 plate was inserted and the
Glan-Kappa polarizer turned by 90°.

A major experimental problem was to adjust the
laser energy distribution at the sample face so that
observable TH was generated without damage to
the sample surface. This was particularly im-
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portant for Ge and Al which are the most absorbing
at 1.06 um and seemed to damage the most easily.
The energy distribution was adjusted by using at-
tenuating filters before the prism and by changing
the beam diameter at the sample surface, by varying
the position of the lens in front of the chamber
window. With a 19.7-cm focal length lens and a
~0. 2 mrad diverging beam, the focus was varied
from 1-4 cm behind the sample surface. For the
easily damaged samples, additional beam expan-
sion was required and a simple telescope with a
magnification of two was used before the prism.
With the telescope in place, the beam diameter at
the sample could be varied from 1 to 3 mm. The
intensity at the surface was estimated to be
0.25-1.0 GW/cm? depending on the attenuation used
for a particular sample. The energy reaching the
sample during one entire pulse train was only 2.5
to 10 mJ.

The TH at 0.353 um was detected by EMI photo-
multipliers No. 9634 QR. The fundamental at
1.06 um is absorbed in a saturated solution of
CuSO, in water. Final discrimination is provided
by a sharp interference filter (100-A half-power
bandwidth) at 0.353 um. The filtering was suf-
ficiently selective that no signal was observed when
the laser was fired directly into the tube, yet the
combination allowed roughly 10% transmission of
the TH,

The photomultiplier tubes have an 8-nsec rise-
time and could not resolve the individual pulses in
the mode-~locked train. Since the signal amplitude
was low, the signal was electronically integrated
over the pulse train and the total TH output was ob-
served. The integrated signal was then amplified
and measured by an analog-to-digital converter
and counting apparatus. This apparatus was dual
so that signals from both arms of the experiment
were simultaneously counted and displayed.

B. Measurement of x(3’

Denote the signal and monitor counts by S and M,
respectively, and let }, denote integration over time.
One obtains from Eqgs. (5)—(11),

8= Cs| x(¢)|2F(6;,€) | EL|® ,

13
M=Cy2 | Ei|®, 3)

where ¢ specifies the orientation of the sample and
where Cg and C, are experimental proportionality
constants for each arm. For the monitor arm

x(¢) and F(6;, €) are absorbed in C, since they never
change and we are only interested in the field de-
pendence. The ratio of the two channel counts is

(S/M)=(Cs/Cy) | x(¢)| 2F (6;, €) . (14)

This explains why it is useful to monitor the funda-
mental field with the LiF crystal. The laser in-
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tensity typically varied by a factor of 2-3 from shot
to shot, leading to large variations in the TH out-
put. Even using this technique, the ratio S/M varied
somewhat from shot to shot. This was thought to
be due to the uncontrolled transverse mode struc-
ture in the laser, and variations in amplification

in the high-gain (x10°) photomultipliers. In prac-
tice this problem was overcome by taking 20-30
laser shots and obtaining an average for S/M.

This average value was found to be quite repro-
ducible.

All measurements made in this work are relative
measurements. After measuring S/M for one
sample, it was removed and another sample in-
serted and measured. The samples were placed
so that the generating face of each sample inter-
cepted the focusing beam at the same point. Be-
tween the measurements all experimental variables
such as filters, amplifier gains, etc., were left
unchanged so that Cg and C,, were held constant.
The ratio S/M was then measured for the second
sample and from Eq. (14) one obtains

S/m) _ 1x(@)1}
/M), 1x(9)13

Fl(ey €)
FZ(G’E) ’

15)

where the two situations are denoted by 1 and 2.
Since the F(6,€) factors are known, from Egs.
(5)-(11), the ratio of the susceptibilities can be
measured. This procedure can be used for two
reflecting samples, two transmitting samples,
or one reflecting and one transmitting sample.

The procedure can also be used to measure the
cubic anisotropy of x®’, which is defined as the
ratio 3x%), /x8),. In this case a sample is cut with
the normal along the [001] axis. The signal is
measured with the electric field parallel to the
[010] axis. Then the sample is turned by 45°
around its own normal so that the electric field is
parallel to [110]. From Eqgs. (15), (2), and (3) the
cubic anisotropy may be determined from

3) |2

(S/M) {110 = l 1 3an_mx (16)
(S/M)por07 4 X0

The anisotropy ratio may be determined with
even higher precision by comparing the TH sig-
nals produced by a circularly and a linearly
polarized laser beam, respectively, propagating
along a cubic axis. To this end a polarizer and a
A/4 plate are inserted between the prism and the
lens in the signal arm. The A/4 plate can be ro-
tated so as to yield either linear or circular polar-
ization. The light beam is incident normally on
the sample along the [001] direction. The linear
polarization is parallel to the [100] direction. The
ratio of the mean values in these two geometries
is given by
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Here the last term on the right-hand side is a
small correction term to take account of the fact
that exact circular polarization is difficult to
achieve.

The quality of the circularly polarized light can
be determined by measuring the transmitted TH
intensity with circularly and linearly polarized
fundamental fields in an isotropic material. By
Eq. (17) the ratio of these intensities is 462, which
is zero only in the ideal case of perfect circular
polarization, It is expected that & will be nonzero
due to the following factors: (i) strain birefringence
in the vacuum chamber window; (ii) the divergence
of the laser beam passing through the uncompen-
sated \/4 plate; (iii) the error in angular orienta-
tion of the /4 plate. In practice an axis of the
plate was found by inserting the plate between
crossed polarizers and rotating the plate until the
minimum transmission of a HeNe laser beam was
unchanged. An axis of the plate was then parallel
to the direction of polarization of the field between
the polarizers. When rotated by 45° the plate
should produce circular polarization for the glass
laser. It was estimated that the plate could be set
to within 0.01 rad.

C. Linear Optical Constants

For the evaluation of the nonlinear susceptibilities

N. BLOEMBERGEN

'S

from Eq. (15) and the functions F(6;,¢€) in Egs.

6), (6'), and (10), it is necessary to know the
linear optical constants of the materials used.

The complex dielectric constant is related to the
tabulated values for the index of refraction » and
extinction coefficient k by € =€+ i€'' = (n +ix)2. The
values of # and « at the fundamental and TH wave-
length are given in Table I. The sources are given
in the references. The quoted uncertainties lead
to considerable variation in F(6;, €) since the di-
electric constant enters with high powers.

The reader is reminded that each material has
its own characteristic dispersive behavior of »
and k and that the Fresnel factors may show
drastically different behavior as a function of fre-
quency. One particular example, the case of Al,
is displayed for future reference in Fig. 2. For
other materials the references in Table I may be
used.

The angular dependence of the Fresnel functions
for TH reflection given by Egs. (6) and (6') are
displayed for the three materials Si, Al, and Ag
in Figs. 3-5. The data must be used to evaluate
the nonlinear susceptibilities from Egs. (15)-(17).

D. Sample Description and Preparation

The metals were measured using polished solid
samples and, when possible, evaporated films.
The evaporated films gave the best results since
it was difficult to keep the polishing agent from
contaminating the solid samples. The evaporated
films were made on glass slides. The initial

TABLE I. Values of » and « at the fundamental and TH wavelengths.
nq Ky n3 K3

si? 3.55 £0.18 (1.1+0.1)x10™ 5.55 0:33 3.04+0.15
Ge®e 4,36 £0.22 0.08+0.02 4,08 +0.20 2.55+0.13
GaAs? 3.44 £0.17 0.02x0.002 3.43 £0.17 1.92£0.10
Be®¢ 2.50 +0.25 3.15+0.19 2.37 +0.24 2.140.21
Mglse 0.884+0.09 6.45+0.65 0.52 +0.05 1.55+0.16
Al®¢(evap.) 1.44 +0.07 9.9 +0.4 0.33 £0.01 3.93 +0.3
Cu® (evap.) 0.197£0.02 6.65+0.3 0.825+0.03 1.4 +0.25
Aghoi(evap.) 0.13410.015 7.35+0.10 0.152+0.013 1.30+0.07
Au¥ei(evap.) 0.188+0.012 6.38+0.34 1.45 +£0.07 1.72+0.09
Diamond* 2.3914 2.4896

LiFe® 1.3868 1.4020
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McFarlane and V. Roberts, ibid. 98, 1865 (1955).

ibid. 99, 1151 (1955); G. G.

by, R. Philipp and E. A. Taft, Phys. Rev. 113, 1002 (1959).

CAmerican Institute of Physics Handbook, 2nd ed. (McGraw-Hill, New York, 1963), Sec. 6-g.

9, R. Philipp and H. Ehrenreich, Phys. Rev. 129, 1550 (1963).

e[, N. Shklyarevskii and R. G. Yarovaya, Opt. i Spektroskopiya 11, 661 (1961) [Opt. Spectry. (USSR) 11, 355 (1961)].
D, Jones and A. H. Lettington, Proc. Phys. Soc. (London) 92, 948 (1967).

8. Ehrenreich, H. R. Philipp, and B. Segall, Phys. Rev. 132, 1918 (1963); H. Ehrenreich (private communication).
bR, S. Minor, Ann.Physik 10, 58 (1903); R. H. Huebner et al., J. Opt. Soc. Am. 54, 1434 (1964).

IR, Kretzmann, Ann. Physik 37, 303 (1940).
SW. Meier, Ann. Physik 31, 1017 (1910).
kF, Peter, Z. Physik 15, 358 (1923).
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of wavelength in Al (from Refs. c and g of Table I).

polishing step for each material was 1000 mesh
SiC on a glass lap wet with ethylene glycol. The
details for each metal are given below.

Beryllium: 99% pure nuclear grade Be, pur-
chased from Barden-Leemath and polished by them
to a “mirror finish.” The surface was protected
from the atmosphere by an inert plastic film which
was peeled off before the measurement was made.

Magnesium: Cut from rod stock and polished
with 0.3-u alumina (Al,Os).

Aluminum: High-purity (99.9999%) single crys-
tal polished with 0.3-u alumina. The Al evaporated
films were made from 99. 8% pure wire in the
relatively high vacuum of (4-5)x10™" Torr. A high
vacuum is desirable with Al in order to attain a
high reflectivity in ultraviolet.

Copper: Cut from high-purity (99.999%) rod and
polished with red rouge on Politex Supreme lap.
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FIG. 3. The Fresnel factors [Eqgs. (6) and (6’)] for
reflected THG from silicon.

The films were made by evaporation from 99.99%
pure wire at ~5x10~% Torr vacuum.

Gold: Piece of unknown purity polished with
0.3-y alumina powder. The films were made by
evaporation from 99.99% pure wire at ~5x107°
Torr vacuum.

The semiconductors were measured after being
mechanically polished and after being polished and
etched. Again, the first polishing step was 1000
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FIG. 5. The Fresnel factors [Eqs. (6) and (6’)] for
reflected THG in aluminum.
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TABLE II. TH susceptibility of high-resistivity semi-
conductors relative to LiF.

_ Value relative

Material Quantity observed to | x2) 1 LiF

Diamond Lx3 sx 3 524+ 10%
TH transmission

Silicon X (6.0x10% +30%
polished, TH reflection

Silicon I X | (8.4 x10" £50%
polished, TI transmission

Germanium x| (1.7x10% £50%
polished, TH reflection

Germanium Ix (3.1x10") +80%
ctched, TH reflection

GaAs x| (4.5 x10" £50%
ctched, TH reflection

grit SiC on a glass lap with ethylene glycol. The
etches listed are of the chemical polish type. Only
mild etching could be tolerated, otherwise the re-
flections become too diffuse to observe. A short
time in a relatively strong etch gave the best re-
sults. After etching, the etchant was diluted and
displaced with methanol to try to keep surface films
from forming.!® They appeared anyway, particu-
larly on Si and Ge.

Silicon: The undoped material had a resistivity
of ~100©2 cm at 300° K corresponding to a carrier
concentration of #~5x%10'/cm™. The Si was
polished with 1-p. diamond paste followed by $-u
diamond paste on rotating pelon cloth. Two etches
were tried, CP-8 consisting of 5 parts HNO; and
3 parts HF, and CP-4A, consisting of 5 parts
HNO;, 3 parts HF and 3 parts CH; COOH.

Germanium: The undoped material was intrinsic
Ge (p>40Qcm, z~10'/cm-?). The Ge was polished
with 0. 3- and in some cases 0.1-u alumina powder
on a wax lap. The etch used was CP-4, consisting
of 2 parts HNO;, 1 part HF, and 1 part CH; COOH.

Gallium arsenide: The high-resistivity material
was oxygen doped (p~2X10° @ cm, 7 <10'%/cm=3),
The GaAs was polished with 0.3-u alumina powder
and was etched for 2 sec in a mixture of 1 part HF,
3 parts HNO;, and 2 parts H,0.

The diamond sample used was clear optical
quality diamond, 0.9 mm thick, with polished faces
about 7° from (111) planes.

The alkali halide samples were plates with the
normal in the [001] direction. The samples, ob-
tained from the Harshaw Company were optically
polished on both sides, with a thickness between
0.5 and 2 mm.

IV. TH SUSCEPTIBILITY IN SEMICONDUCTORS

In this section results for |y, | in Si, Ge, and

GaAs will be presented, and for 3/, +3x{3), | in

X XYY
diamond. The value of 3| x5}, +3x%),1 for diamond,

relative to |x). | in LiF is shown in Table II.

The measurement in each of these materials en-

[

tails somewhat different problems. Diamond is,

of course, transparent at both the fundamental and
third-harmonic frequency. It is, strictly speaking,
an insulator rather than a semiconductor. Its non-
linear susceptibility was measured in transmission
relative to LiF, and the result is included here for
comparison of the magnitude of the nonlinearity
with that of Si and Ge. The clear optical quality
diamond available was 0.9 mm thick, and had faces
about 7° from the [111] direction. The crystal was
oriented so that the E field was parallel to the

[1T0] direction. There was a wedge angle of 1.2°
between the faces. Since the coherence length
lon=3.61 pm is quite short, the transmitted TH
signal is given by Eq. (10) with the sin*(nz/l )
factor replaced by its average value 3.

Silicon is transparent at the fundamental fre-
quency, but strongly absorbing at the TH. The value
for 1x{3).| has been determined in transmission,
and in reflection with an angle of incidence 6;=20°.
The results for the two independent measurements
relative to LiF are in good agreement, and are en-
tered in Table II. The measurement in transmission
is more accurate. Since Si is slightly absorbing at
1.06 um, the [001] cut crystal was 0.06 cm thick.
The extinction coefficient was measured to be
(1.0£0.1)x 10~* cm™! in good agreement with pub-
lished values. 2°

The dependence of the reflected signal on the
angle of incidence 6; has been published previously
for both parallel and perpendicular polarization.’
The data, which will not be reproduced here, are in
excellent agreement with the theoretical behavior
described by Egs. (6) and (6') displayed in Fig. 3.

Germanium is strongly absorbing at 1.06 pm and
thermal damage was observed to occur at much
lower power levels than in Si and GaAs. Beam ex-
pansion was used as described in Sec. II to avoid
damage and still have an observable signal. The
reflected TH signal was compared directly to that
in Si, and has been converted relative to LiF for
incorporation in Table II.

Gallium arsenide presents another problem. Be-
cause it lacks a center of inversion, it is capable
of strong second-harmonic (SH) generation.? Care
must be taken to avoid TH generation in a two-step
process by sum-frequency generation from SH and
the fundamental beams. When the fundamental field
is parallel to [001], the SH polarization should
vanish. It is important to etch the surface to re-
move the damaged polished surface layer. The
operational criterion for a well-defined crystal
symmetry in the SH absorption depth is that the
SH signal should have a minimum close to zero. a
Since the laser beam for TH generation is focused,
a small amount of SH signal exists, but it is weak
and its beat with the laser beam would yield a TH
polarization in the plane of incidence which was
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eliminated by an additional analyzer at the exit
window. Since GaAs is transparent at 1.06 yum, the
effect of a fundamental wave reflected from the
back surface was eliminated by cutting the sample
as a 2.5° wedge. The value of |x3). | in GaAs
relative to Si was measured and is converted rela-
tive to LiF in Table II.

A. Effect of Conduction Electrons

All results quoted in Table II were taken with
samples of high-resistivity and low-conduction-
electron concentration. Data on doped Si, Ge, and
GaAs samples with up to 10'®/cm~% conduction
electrons show no observable contributionof the
carriers to x‘®’(3w) for the TH conversion at
3530 A. This behavior should be contrasted with
the strong contribution of conduction electrons to
X (2w, — w,) for frequency mixing in the infrared,
where w; and w, corresponds to 10.6- and 9.6-p
radiation, respectively, from a CO, laser. In the
latter case the nonparabolicity of the band gives
a strong contribution® % in GaAs. A similar, but
weaker, contribution has also been observed in
Ge.# The different results for x‘® around the
visible region of spectrum and the far infrared are
clearly displayed in Fig. 6. This behavior of the
conduction-electron contribution is in agreement
with the theory of Jha and Bloembergen.® Their
Eq. (3.16) predicts a negligible contribution from
intraband conduction-electron transitions at optical
frequencies. At frequencies larger than the band
gap, the contribution per conduction electron should
be of the same order of magnitude as per valence
electron, as shown by Egs. (2.13)-(2.18) of their
paper.? Interband contributions dominate the be-
havior of the susceptibilities. Details of the band
structure are less important, but large scale
average features such as combined densities of
states play an important role. It should be noted

that Fig. 6 shows a sizable dispersion in x* be-
tween the infrared and the ultraviolet. While
Wynne? found that near 10 um x‘® for Ge is about
twenty times larger than for Si, the data in Table
1I show that for TH generation from 1.06 pm x‘®
for Ge is five times smaller than for Si. It would
be of considerable interest to obtain further data
on the dispersion of x‘® at frequencies large com-
pared to the band gap. A limited amount of data
on the dispersion of x‘® for SHG in III-V compounds
is available. % ¥ Recently theoretical interest in
these questions has increased. 232

It has been conjectured that the energy dependence
of the collision time of conduction electrons might
make an important contribution to x‘®. We wish
to emphasize that such a mechanism cannot be
operative at optical THG, where the physical dura-
tion of a collision contains many periods of the
electromagnetive (EM) oscillations. Whatever its
influence may be at an infrared beat frequency
w; —wg, it certainly should make a negligible con-
tribution at optical frequencies. This point of view
has been adopted elsewhere.® 1t is confirmed by
our data for high-conductivity semiconductors and
metals.

B. Effect of Surface Condition

The results in Table II indicate the preparation
of the surface. The mechanical polishing leaves
the crystal surface with a damaged layer with a
depth on the order of the size of the particles used
in the last polishing operation. Within this damaged
layer the crystal structure is assumed to be ran-
domly disoriented. The polished surface may also
be contaminated by the polishing agent as was found
for some of the metals. For Si, which is polished
with $-u diamond particles, the absorption depth
for TH is only 100 A so that the entire process
takes place in the damaged layer. This is also
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true for Ge. However, except for anisotropy ef-
fects, the THG process does not depend on good
crystal structure.

Si and Ge were chemically etched to remove this
damaged layer. The reflected TH intensity in-
creased by 20% in Si and by a factor of ~3.5 in Ge.
The result for Ge is quite surprising and not com-
pletely understood. The question arises as to which
result is more characteristic of the intrinsic sus-
ceptibility and which is more influenced by spurious
effects. One thing to note is that the absolute in-
tensity increase is twice as large in Si as in Ge since
the signal from polished Ge is only 3% of the signal
from polished Si. Then the increased intensity due
to etching could be due to spurious effects of roughly
the same magnitude.

Mechanically polished surfaces are often con-
taminated with the polishing particles, ;-u diamond
and 0.1-p alumina for Si and Ge samples, re-
spectively. TH generated in these particles can
interfere with the reflected signal from the semi-
conductor. However, in the case of Al, it was ob-
served that the effect of alumina contamination was
to increase the reflected THG, the opposite of what
is observed here.

It is known that etching causes the growth of an
oxide film, which can be contaminated with the
etchant,.3* These films cause a characteristically
cloudy surface and were sometimes observed on
the etched crystals. The films tend to reduce the
reflectivity of the surface, *® increasing the funda-
mental field in the semiconductor and the reflected
THG. There is also some evidence that the effect
of a surface film on reflectivity is larger for
materials with high absorption, 3* such as Ge. To
increase the reflected TH in Si by 20%, the reflec-
tivity has to drop from 36 to 32.2%. The field in
Ge would have to increase by 50% to account for
31 times as much reflected THG. An estimate for
Si indicates a 100-A SiO, film would drop the re-
flectivity by only 0.6% at 5460 A.%® So this mecha-
nism seems unlikely to produce the full observed
effect. A second mechanism is that any TH gen-
erated in the oxide film in transmission would be
reflected off the semiconductor and observed as
reflected TH. However, the coherence length for
these films should be on the order of 1 u so the
generation in an ~ 100 A film will be small. If the
film is contaminated to the extent that it is some-
what absorbing, the generation could be higher.
The anisotropy variation due to destruction of the
crystallographic orientation in the polished layer
is unable to account for the observed variations.

It appears probable that etching the semiconduc-
tors provided good crystalline structure but not a
chemically clean surface. It is not clear that
etching provided better information about the in-
trinsic susceptibility of the semiconductors. It

W. K. BURNS AND N. BLOEMBERGEN 4

would have been better to have used a cleaved sur-
face, which can be made clean and damage free. *
Except for GaAs, the susceptibility ratios given
are for the polished surfaces, which can be made
more reproducibly.

V. CIRCULARLY POLARIZED THG AND THE
ANISOTROPY OF x(3)

The general symmetry considerations, referred
to in Sec. II, predict that a circularly polarized
laser beam cannot produce TH radiation in an iso-
tropic material, nor if the light beam is propagating
along a threefold or sixfold axis of symmetry.
When propagating along a fourfold axis of symmetry
the TH radiation should be circularly polarized in
the opposite sense. Macroscopic symmetry argu-
ments predict that these statements should be
equally valid for transparent and absorbing media.

We have verified these predictions for the first
time in an absorbing glass As,S; and in absorbing
cubic crystals Si and GaAs. It is difficult to apply
the method of circular polarization in reflection,
because deviations causing a slight eccentricity
of polarization cannot be avoided on refraction,
unless the incidence is exactly normal. We have
therefore done experiments with normal incidence
in transmission on samples, which are nearly trans-
parent at the fundamental frequency but strongly
absorbing at the TH. First the deviation from per-
fect circularity of the laser pulses was tested by

_observing the TH signal in a transparent glass.

This gives an upper limit for the quantity 6%in

Eq. (17). The data in Table III show that the TH
signal generated by a nominally circularly polarized
laser is less than 1% of that generated by a linearly
polarized laser beam in the transparent glass.

The same small ratio occurs in a As,S; glass
which strongly absorbs the TH radiation. Similarly,
a circularly polarized light beam propagating along
[111]in a Si crystal produces no TH generation,
but a strong TH signal is observed when the cir-
cularly polarized light propagates along the [100]
direction in Si.

The latter process can be understood on an
atomistic basis in nonabsorbing media as shown
in Fig. 7. In an elementary nonlinear harmonic
process, three left circularly polarized quanta are
taken from the laser field while a right circularly

TABLE III. TH signal excited by a circularly polar-
ized laserbeam relative to that excited by a linearly po-
larized beam.

Glass slide 0.011+0.004
(transparent)

As,S3 glass 0.0078+0.003

Si [111] 0.013 £0.005
(etched)
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FIG. 7. SHG and THG by circularly polarized light in
transparent media. For SHG the electronic ground state
must be a superposition of states with Am =+3, as pro-
vided by a trigonal crystal field potential. For THG the
electronic ground state must be a superposition of states
with Am =+4, as provided by a tetragonal crystal field

" potential.

polarized quantum is added to the third-harmonic
wave. The electronic wave function of the crystal
must return through the virtual transitions to the
original ground state. Consequently this ground
state must be a superposition of wave functions
differing by 4&m =14 in spatial quantum number.

It is precisely a crystalline field potential of
tetragonal symmetry which provides this admixture.
In the elementary scattering process the angular
momentum of the electromagnetic field changes by
+47, and this angular momentum around the te-
tragonal axis is taken up by the lattice through the
crystalline potential. Around a threefold axis of
symmetry only states with Am =+ 3 are admixed.
The THG by circularly polarized light cannot take
place, but in this case SHG is possible. '

The atomistic argument in an absorbing medium
is illustrated in Fig. 8. The imaginary part of
x®(- 8w, w, w, w) occurs as an interference between
single- and multiple-photon transitions between
the same ground state and the same final state. In
general, x®? has an imaginary part when these
two energy levels are spaced by 7w, 2w, or 3fw.
In each case the interference will take place for
circularly polarized quanta of fundamental and TH
field only if the final state and/or the ground state
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are superpositions of states with spatial quantum
numbers differing by &m =+4. Thus an atomistic
picture also leads to the result that the same selec-
tion rules for harmonic generation by circularly
polarized laser beams apply equally in absorbing
and in transparent media, in agreement with our
experimental results.

Since circularly polarized light does not produce
THG in isotropic media but does so in cubic crys-
tals, if propagating along an [001] axis, this may
serve as a useful method to detect the cubic anisot-
ropy in x®’.  The anisotropy ratio 3xi3, /x5
may be determined from Eq. (17). Alternatively,
the cubic anisotropy 3xis), /Xis). may be determined,
with the use of Eq. (16), by means of linearly
polarized light with the electric field vector parallel
to a cubic axis and a face diagonal of the cubic
crystal, respectively. The two experiments de-
termine, respectively, the quantities |1 - 3X;3;y /
Xen. | and [1+3xS3) /x&8) 1. For nonabsorbing
materials the ratio 3x3,, /x3,, is real. The two
methods should give compatible results and elim-
inate a possible ambiguity in sign of the anisotropy
ratio. The circular polarization method has been
applied to a number of alkali halide crystals, for
which the anisotropy had previously been determined
by mixing of ruby laser light with a Raman Stokes-
shifted component generated in benzene. Table IV
shows that our new results are consistent with each
other and with the earlier data. It could indeed be
expected that for the transparent alkali halide crys-
tals the dispersion in the anisotropy between 1. 06
and 0.353 pm is negligible.

For absorbing media, the method of circularly
polarized light has been applied to Si and GaAs.
THG is observed in transmission with the beam
propagating along the [001] axis. The result is
compared with the TH signal induced by a linear
polarization in the [100] direction. This experi-
ment for Si yields with Eq. (17) the value
11-3x8) /x$3).1=0.52£0.07. In absorbing media
the anisotropy ratio is, in general, a complex
quantity. Comparing the signal induced by linearly
polarized light in the [100] and the [110] directions
yields 11+3x3), /x&).1=2.19£0.14. Solving these
two equations for the complex ratio yields 3.5, /
X2, =(1.24+0.14) expi(24° £8°), This complex
anisotropy should be compared with the real anisot-

FIG. 8. THG by circularly polarized
light in absorbing media. The imaginary
part of x® is caused by an interference
of the multiphoton processes shown.

This interference requires the admixture
of states with Am = +4, as occurs in a
ho crystalline field potential of tetragonal
symmetry.
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TABLE IV. The cubic anisotropy of x® in alkali halides.

1= 3x.2 0/ X 1+ 3X0y/ Xorx Xty Xgte 3Xstyy/ Xootks

Substance from Eq. (17) from Eq. (16) our data® other data?

LiF —-0.36+0.08 2.16+0.14 1.36 1.36£0.12
CaF, -0.52+0.07 2.48+0.10 1.52 1.52
KCl +0.16+0.08 1.9410.07 0.84 0.91
NaCl —0.24+0.06 2.24+£0.07 1.24 1.30
KBr -0.10+0.06 2.05+0.07 1.10 1.10

2THG from 1. 06-um radiation, deduced from preceding columns.
PFrequency mixing results at 2w; — wy, where w; is the ruby laser frequency and w, is the Stokes-shifted Raman line,
which may be polarized parallel or perpendicular to the laser polarization, respectively, according to Ref, 2.

ropy ratio for Si, 3x.), /xs3). =1.440.09, ob-
tained® by frequency mixing near 10.6 um. There
is clearly a dispersion of anisotropy in going from
the transparent infrared to the absorbing uv re-
gion,

In GaAs only the value 11 -3x'3) /x{3) 1=0.62
+0.08 could be determined. There is no SHG in
this geometry, but for a linear polarization in the
[110] direction required to determine |1+ 3y, /
X3, from Eq. (16) too much SHG would take place.
The anisotropy from frequency mixing near
10.6 pm was 1 -3x3) /x8) =0.85+0.02. Again
some dispersion of the cubic anisotropy is present.

VI. THG IN METALS

Reflected THG was investigated in polycrystalline
samples of six metals: Be, Mg, Al, Cu, Ag, and
Au. In the first two no TH signal was observable.
This places an upper limit on the effective value of
%3] in these materials. Observable signals were
obtained from the other metals. The reflected TH
intensity is, however, much smaller than for Si.

In Table V we list the observed TH intensity ratios
and the derived value for |x.3| for polycrystalline
polished solid metal surfaces, in the case of
polarization perpendicular to the plane of incidence
at an angle §;=20°. If the TH polarization induced
by linearly polarized fundamental field is averaged
over all crystallite orientations, one obtains for
the metals of cubic symmetry

(BY(B3w))ar=xa E*E =4 (e + 2030 ) E°E

This quantity is shown in the last column of Table
V. The spatial averaging would yield a more com-
plicated expression for the hexagonal metals Be
and Mg, but here only an upper limit for | x{3’] can
be given. The value of |x{¥| is, of course, derived
with the aid of Eqs. (6) and (15), where the value of
FF(p,=20°, €) is computed with the aid of the linear
optical data given in Table I. It should be noted
that |x®’| is quite similar for Cu, Ag, and Au, but
an order of magnitude smaller than for Si.

It was found that the data on polished solid sam-
ples are less reliable than the data from vacuum

deposited films. In fact, it was impossible to ob-
tain reproducible data from polished aluminum.

It is suspected that when the Al was polished
with alumina powder, the 0.3-um Al,O4 particles
became imbedded in the surface. TH was generated
in these particles in transmission and then re-
flected off the Al surface, completely masking the
reflected THG from the Al. Since Al is extremely
reactive, evaporated Al typically forms an Al,O4
layer of 10-20-A thickness on its surface. How-
ever, a layer this thin should generate negligible
TH compared to an effective layer of 0.3 pum.

For these reasons the evaporated film results are
the most reliable.

When Au was polished with red rouge, it gave
four times more reflected signal than an Au evap-
orated film. When polished with alumina powder,
it gave reasonable agreement with the film. Yet
when Cu was polished with red rouge, it gave rea-
sonable agreement with a Cu film. Apparently dif-
ferent metals retain the polishing particles to a
different degree. In each case the angular depen-
dence of the reflected signal was checked at at
least two angles to verify the signal as TH. Also
the diffuse reflection was monitored to make sure
there was no fluorescence, which sometimes oc-
curred with contaminated surfaces.

In Table VI the data obtained with evaporated
films are listed. Note that the TH signal in Al is
measured with the polarization parallel to the plane

TABLE V. Experimental reflected intensity ratios and
calculated susceptibility ratios for polished metal surfaces.

£(20°) Xay
FE(20°, ) I (Silicon) Xasy | (Silicon)
Be 8. 42151 10 =0.0008 =0.014
Mg 2.48%31 10 =0.0009 =0.026
Cu 2.163:34 10 0.0058+0.0011 0.071+0.04
Ag 1.82%-%0 107 0.0087 £0.0013 0.094+0.03
Au 1,573 107 0.0064 +0,0008 0.087 0,03
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FIG. 9. The angular dependence of THG in silver,
with the polarization in the plane of incidence.

of incidence with §,=70°. The reason for this
geometry is that it maximizes the quite weak THG
from Al. This weakness in the case of Al arises
not from a small value of [x{¥ |. In fact the non-
linear susceptibility is comparable to that of Si and
an order of magnitude larger than for the other
metals. The small THG in Al is caused by very
small values of the F®(¢,, €) factor in this metal
for the frequencies employed. It is seen from Fig.
2 that the complex index of refraction is very high
near 1.06 um. The reflectivity is close to unity and
the Fresnel factor is small.

The angular dependence of THG has been observed

in Al and Ag for the parallel polarization case. The
data are shown in Figs. 9 and 10. The observations
are in good agreement with the angular dependence
predicted by Eq. (6'). The maximum of the signal
for 6, ~70° in Al is striking.

The relatively larger value of x'® for Alcompared
to the other metals is related to the strong inter-
band transition near 0.8 um shown in Fig. 2 close
to the fundamental frequency at 1.06 pm. This

TABLE VI. Experimental reflected intensity ratios
and calculated susceptibility ratios for evaporated metal
films.

%(6) | Xa7'|

FR(6,¢) T (Silicon) X o0 | (Silicon)
Al
(6=70°, llpol.)  1.125%%x10"° 0.034 £0.007  0.68 +0.35
Cu
(6=20°, 1pol.) 2.16}:34x10"* 0.0077+0.011 0.081%0.04
Ag
(6=20°, 1 pol.) 1.82}:20x10°* 0.0055 £0.007 0.075+0.030
Au
(6=20°, 1 pol.) 1.57%3%x10°" 0.0078x0.010 0.086+£0.030
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TABLE VII. Susceptibility ratios calculated by Miller’s
rule extended to THG compared to experimental ratios for
metals and semiconductors. )

@) 3) Q) 3)
., b Bl I
Al |ale | XAY lexst Xsi lale XSt [exvt
Be 0.003 =0.021
Mg 0.016 =0.038
Al 1 1 270 0.68
Cu 0.018 0.12
Ag 0.026 0.11
Au 0.023 0.14
Si 1 1
Ge 2.1 0.22
GaAs 0.31 0.54
LiF 1.20%x107% 1,17 x10-°
Diamond 9.0 x103 0.62x10"3

same resonance makes the F factor for this metal
anomalously small at the frequencies of interest in
our experiment. The small values of | x| for Be
and Mg may be correlated with smaller values for
the linear dielectric constants. These metals also
have very nearly filled bands.

In Table VII an attempt is made to make this
correlation more quantitative by using a modified
Miller -type relationship for x®, as was previously
employed by Wynne.? Such a relationship can only
be expected to have a qualitative significance in

ALUMINUM, E,
— THEORY

1 (3w) Arbitrary Scale

1 1 | | | | | ]
(o] 10 20 30 40 50 60 70 80 20
8 (Degrees)

FIG. 10. The angular dependence of THG in aluminum,
with the polarization in the plane of incidence.
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strongly dispersive regions of the nonlinearity.
Table VII shows that there is not a good correlation.
This becomes even more evident if we attempt to
make a correlation relative to the semiconductors
and insulators also listed in Table VII. The variance
between the experimental and computed ratios in the
homologous series C, Si, and Ge is pronounced,

but an order -of -magnitude trend is indeed present.
The nonlinear susceptibility can be expected to be
larger in materials with the larger linear suscepti-
bility. Extensions of the theory?®~32

are necessary
to obtain estimates for x ® in absorbing solids.

VIiI. CONCLUSION

By means of picosecond pulse trains from mode-

W. K. BURNS AND N. BLOEMBERGEN 4

locked lasers THG and related third-order nonlinear
susceptibilities can be observed in strongly absorb-
ing materials. The dispersion characteristics of
x*® can and should be measured over a wide fre-
quency range. The theory of thisdispersive behavior
should also be refined. Circularly polarized beams
are useful in determining the cubic anisotrcpy of
x‘®, both in transparent and absorbing media.
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