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Dispersion of Nonlinear Optical Susceptibilities
of InAs, InSb, and GaAs in the Visible Region

D. Bethune, A. J. Schmidt, and Y. R. Shen
Department of Physics, University of California, and

Inorganic Materials Research Division,
Lawrence Berkeley Laboratory, Berkeley, California 94720

ABSTRACT

We have measured the dispersion of Ix<2)(2w)| for the
III-V semiconductors InAs, InSB, énd GaAs at 80° and BQO°K,
with hw between 2.0 and 2.7 eV. Large dispersion in
IX(Z)(Zw)I is found for all three semiconductors, while the
results for the two temperatures are similar. We compare

(2) with those in X(l)(w) and

the observed structures in ¥
x(l)(Zw), and derive Miller's A from our experimental values.
We also compare our measured x(z)(Zw) with recent theoreti-

cal results obtained from empirical pseudopotential calcula-

P

tions.
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I. INTRODUCTION

The dispersion of optical nonlinear susceptiﬂilities has always been
a subject of great importance in nonlinear optics. It not only predicts
how the nonlinear optical effectgdﬁary with frequency, but also yields
information about the optical properties of the materiais. ‘Many researchers
are particularly interested in the dispersion of the second—order non-
linear susceptibilities of zincblende semiconductors for a number of
reasons. Zincblende semiconductors have strong nonlinearity, and crystals
of large size are readily avaiiable. The band structure and the linear
optical properties of these semiconductors are fairly well known, and
hence the nonlinear susceptiBilities can be calculated and compared with
the experimental results.

There already exist in the literature several reports on the dis-
persion of nonlinear susceptibilities of semiconductors. The first

>® used nine discrete

measurements by Chang, Dg;uing, and Bloembergen
fundameqtai frequencies in the range of 1.17 - 2.34 eV, generated by
Nd:glgss, ruby, and Raman lasers, to study the nonlinear susceptibility
x(z)(Zw) for ZnTe, GaAs, InAs, InSb. Large variations of X(z)(Zw) with w
were reported and partially correlated with optical transitions in the
crystals around critical points. Parsons and Chang3 later used a rub§
pumped dyé laser, from 1.1 to 1.7 eV, to study x(z)(Zw) vs w. Their
results for GaAs, IﬁAs, and InSb showed soﬁe discrepancy with the

earlier work. The observed peaks did not all agree with the theoretical

4,5

predictions. More recently Lotem et al, did similar measurements on

—— —

GaAs, GaSb, and GaP. They showed that their results did agree with the

theoretical calculations.



InAs, and InSb with hw extended from 2.0 to 2.7 eV,
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Parsons and Chang6 also measured the dispersion in |x<2)(2w)! for
the II-VI compounds CdS and CdSe. The result was quite surprising. A
broad resonant peak in x(z)(Zw) was seen in CdS at room temperéture when

w was about half of the room-temperature "exciton" energy.

7-9 ) (2)

Hauelsen and Mahr studied the dispersion of ¥ {h the region

of the firgt and second 1s exciton in CuCl and the C exciton of Zn0 at
(2)

low temperature (20K). They found pronounced .resonances in X due

to excitons. Second harmonic generation has also been studied in InSb with a
’ 10,11

CO2 laser, the second harmonic photon eﬁergies being near thg bénd edge.
In most semicondﬁctors, because of the increasing number of critical
points with increasing frequency, we expect to find more structure in
x(z)(Zw) at larger w. This is particularly true when both w and 2w are
above the band gap. The measurements of x(z)(Zw) of zincblende semi-

conductors have so far been limited to hw <v1.8 eV. In this paper,

B 2
we report the results of our recent x(-)(Zw) measurements on GaAs,

The theoretical calculation of X( )(Zw) Vs W is complicated by the
complexities of the band structure and the optical transition matrix

elements. Some researchers have attempted interpretations‘of*x(z)(Zw) based

on Simple models7’9’12 while others have based their interpretations on
simplified band structure calculation‘s.5’]'1’13_23 Chang 25.3;.1’

approximated x(z)(Zw) as a linear combination of the linear susceptibili-

(1 )(Zw) Miller24 suggested the relation xiz)(zw) =

(1)

ties, X (1 )(w) and ¥

1 (1)
13KX41 3 ijk

slowly varying with w. In the case of a real solid with dispersion and

A )(Zw)x (w), where he assumed A to be constant, or

(w)x

absorption, however, A should in general be a complicated function of

iik

w. Parsons and Chang3 and Lotem et QL.A have indeed found
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variation of Aijk with ®w in their experimental results.
In this paper, we shall compare the structure in our measured X(Z)(Zw)

ijk(w). We shall

with those in X(l)(w) and x(l)(Zw); and- then deduce A
| also compare our measufed x(z)(Zw) with the theoretical results obtained
by empirical pseudopotential calculations.

In Section II, we first give a brief reviéw of the theofy of x(z)(Zw).
We then describe the experimental procedure in Section III. We present

the results in Section IV and, finally, compare the measured results

with theory in Section V.

II. THEORY OF X% (2w)
Theoretical calculations on x(z)(Zw) can be grouped into attempts
to find numerical values of X(z)(Zw) at low frequencies (w is much

smaller than the bandgap but larger than the lattice. vibrational

- 22,23,25
frequencies).l2 2L nd attempts to derive the dispersion of x(z)(Zw). T

In the former case, bond models have been used with a reasonably high

degree of suc:cess.l7_21 In the latter case, especially when w and 2w

are above the bandgap, the dispersion of x(z)(Zw) depends on the details
of the band structure.

The basic equation for x(z)(Zw) derived from second-order perturba-

tion calculation for zincblende.semiconductors'1322’23’25

3 , .
) __ e 3 v

(2w) = - 4 33 f d k Z PycPec'Pe'y {(Ecv = 2hw)
m w  B.Z, ¢,c',v

(2 -1 -1

X14 (Ec'v - hw)

-1 -1 -1 -1
+ (ECv - hw) (EC,V + huw) + (Ecv + hw) (Ec,vv+ 2hw) 7}

(1)
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where ECV(E) is the energy separation between the conduction band c and
the valence band v at E in the Brillouin zone and.pVC is the corresponding
momentum matrix element along the [111] direction. Chang gglgl.l
rearrangéd Eq. (1) into the form

) 7 (2) 7
QCV (k) Qv (k)

(2w = A [ & 71 + 5] (2)

B.Z. c,Vv w2 - w 2 4w2 -w
’ _ cv cv

(2
X14

where A is a constant.  If both pcv(i) and Qéi)’(z)(ﬁ)are assumed to be

(
1

tion of the linear susceptibilities x(l)(w) and X(l)(Zw). The structure

' independent of w and i, the ¥ 2)(2w) could be written as a linear combina-

in the disper;ions of_x(l)(w) and X(l)(Zw) would be ;eflected in x(z)(Zw).
However; in Eq. (1), we notice that there are two types'of‘resonances,
- i.e., single resonances when hw = ECv or 2hw = ECV and double resonances
when hw = Ecv and 2hw = Ec'v at the same ﬁ point. In the latter case,
Qéi)(i) or Qii)(ﬁ)- in -Eq. (2). would have a singularity,
and hence the assumption that they are independent of w and k breaks
down.
Be1123' used a simplified three-band model to calculate xiz)(ZM)
for w between 0.05 and 2.0 eV. He assumed constant momentum matrix
elements and anticipated the structure in x(z)(Zw) to arise from critical-
point transitions at I' and along A in the Brillouin zone. His calcula-
tions are in fair agreement with the available experimehtel results.l-4
However, he has probably given too much weight to the I'-point transi-
tions since it is well-known that the density of states near ' is small.
- Recently, Fong and Shen25 have calculated xiz)(Zw) from Eq. (1)

with 4 lowest conduction bands and 4 highest valence bands. The



-6- LBL-3585

wavefunctions and energies of the band states were obtained from the
empirical pseudopotential method. Such a method has been Qery success-
ful in reproducing the observed linear optical spectra of zincblende
semiconductors.z6 We shall compare their calculations with our experi-

mental results on x(z)(Zw) in Section V.

ITI. EXPERIMENTAL ARRANGEMENT
A. Experimental Setup
We uséd a flash-pumped dye laser as the source of the fundamental
beam in our experiments. Its output was well polarized, 1 usec long,
with a peak power of 1-10kW, a linewidth of about 10A, and a beam
cross-section of about 7 mm2. With different dyes, (Table I), the
laser had a tuning range from 2.0 eV to é.7'eV. A pulse repetition
rate of 1 - 2 pps was used. The overall experimental setup is shown in
Fig. 1. A beam splitter was used tp separate the laser beam into two
parts; One beam was directed thfoﬁgh a quartz crystal of 2 mm thick, which
generated seéond harmonics used forknormalization against possible laser

flu-ctuations.27’28

The other beam was used to generate second harmonic
either by reflection from a sample or by transmission through a similar
quartz crystal (dotﬁed path in Fig. 1). The second-harmonic signal

from this second quartz cfystalvwas needed for calibration of the nonlinear
susceptibility of the sample,as we shall see later. A 15-cm focal length
lens was used to focug the laser beams on the sample and on the quartz
plates. The second-harmonic signals from the two beams then went through

a filtef and two monochromators in tandem simultaneously and fell on two

sepurate photomultipliers. The two output pulses were sent Into two gated
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electronic integrators and then digitized for display. Each point in
the data was obtained by averaging the results over 106 to 200 laser
shots.

The measurements were done with the samﬁle mounted on a cold finger
in a siméle dewar at 300K and aé 80K. Two samples of GaAs with different
orientations were measured, one with a cleaved (110) face and the other
with a polished (111) face. In the cases of InAs and InSb, only cleaved

samples with (110) face were used.

B. Sample Préparation

To check the orientation of the samples and the quality of'their
surfaces, the second harmonic intensity polarized in the plan of inci-
denée was measured while rotating the sample about its surface normal.

The expected variation with angle can be derived from Bloembergen
and Pershan's29 work.‘ Let Z be the ﬁormal to the cryétal face, and the
x~2z plane be the plane of incidence. The incident light is polarized
along y, and the angle of incidence is 45°. For the (11l) crystal face,

the induced nonlinear polarization is

"

N X140 <-—cos3¢> :
P__(111) = ———— \/ 2/3 sin3¢ (3)
NL - . 2 o —-1/~/2_

where ¢ is the angle of rotation about the z axis, with ¢ = 0 corresponding
to the (100) axis lying in the plane of incidence and E. is the electric

field inside the crystal. Then, the variation of the reflected second-

harmonic intensity with ¢ is
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I(lll)

V@) @ 26w - 1cos®36 - VERe[26(2w) - 11M2cos30 + 3 @)

where €(w) is the linear dielectric comstant. For the (110) crystal face, we

have
' 2 2 2
N X+ ,E sin¢(sin"¢ - 2¢cos”¢)
PNL(llO) = —lizg— -3 cos¢ sing¢ (5)
: 0
119 (5) « s1n%stn’p - 2c0s%9) 6)

ﬁhére ¢ = 0 when the [001] axis is parallel to §. The results of our measure-
ments, as shown-in Figs. 2 and 3 for the cleaved (110) and the polished (111)
GaAs samples respectively, agree well with the theoretical p?edictions.

The quartz crystals used were cut with the optical axis parallel to
the surface. Both the inecident laser beam and the generated
second harmonics were polérized perpendicular to the optical axis.
According to Ref. 29, the second-ﬂarmonic output from the quartz is

proportional to

202 _ 2

) 42

X131

21
E + <gin 5 (ka - ka)d>

(7)

where E0 is the incldent laser field, ny and n, are the ordinary indices

of refraction at w and 2w respectively. kw is the wave vector at w and d

is the thickness of the quartz plate. The brackets <> indicate averaging
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of the '"Maker fringe'" factor30 over the laser bandwidth and random jittef of

' 2
the laser frequency. In our case, the dye laser gave <sin"y> = 1/2.

C. Experimental Pfocedure

We first measured the ratio of the second-harmonic outputs from thg
.two quartz plates. Then, we switched thé beam from the calibration
quartz to the sample and measured the ratio of the second-harmonic
outpdts from the sample and from the normalization quartz. At each
laser.frequency, fhe‘results were averaged over 100 to 200 laser pulses.
We also ;ook the precaution of suﬂtracting the residual noise from
the total output of each channel before taking the ratio of the two
~outputs. The noise level (which was generally less than a few percent
of the signal) was obtained by measuring the output with a filter which trans-
mitted the laser but blocked the second harmonics in front of the double
monochromators.

IV. DATA PROCESSING PROCEDURE

The expression given in Ref. 29 for the second harmonic field

generated in reflection from a semiconductor can be reduced for 45°

incidence to the form

NL NL
20 /EEn(,sz5 -2, )
Ril .(fl + f2)(€2 + f2)

(8)

1/2 /2

where fl = [2e(w) - 1] and f2 = [2e(2w) - l]l From Eqs. (3) and
(5) with ¢ = 90° for the (110) crystal face and ¢ = 60° for the (111)

crystal face we find respectively
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12”2“’)(110) = R(llO)X(Z) (9
é]fw)(lll) = R(111)x(2) (10)

where R(110) = /8m[2/(1 +£)] % o (By + £ (Ey +€))
and R(111) = /—Tr[Z/(1+f)] V23 £, + 1/V3 [ (£ + £))(£, +e)
The second harmonic field from the quartz plates can be written as

(following Eq. (7))

(Zw) 1. ﬁ) o (11)

16w
2
(nz - nl (1 +n

with ' T =

17

Let Y be the ratio of the second harmonic intensities from
the calibration quartz and the normalization quartz. Then, the

ratio of the second-harmonic intensity from the semiconductor

ISC) to the second—harmonic intensity from the calibration quartz

2w
(ICQ) is

(2) 2 ‘
20, 2w IRXl | :

Tse/Teq = 1 @2 = Isc/Mgq - (12)

where Iég'is the second-harmonic intensity generated from the normalization

quartz plate. Therefore, we have:

(Z)I/l (2)| \ﬁ—-__;zgg.‘ (13)
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where Y = III/IRI, as defined‘by Parsons and Chang .3 To compute Y, we
‘used the linear dielectric constants given in Ref. 31 for the semicon-
ductors at room temberature, and the indices of refraction for quartz
given in Ref. 32, In Fig. 4, Y is plotted for thé three crystals we

have measured. Note that Y also depends on the cryétal orientation.

“ We also realize that uncertainty in the linear dielectric constants

will affect Y, and lead to uncertainty Iin the values of nonlinear

(2

susceptibilities. The numerical value for Xll

)(Zw) of quartz is given

in Ref. 33 as 1.2 ;<;10—9 esu.
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V. RESULTS
Figures 5-7 show the experimental results of |x§i)(2w)| for the

three compounds normalized against~lx§i)(2w)| of quartz. They ére
compared with the theoretical curves of IXii)(Zw)l célculated by Fongv
and Shen25 using the empirical pseudopotential method. We also
show in the figures the imaginary parts of the dieleétric cons tants
Ez(w) and 82(2w)'deduced from linear reflectivity measurementé,3l and
the Miller A(w) defined by A = |x§2)(2w)l/|x(l) @ 21xP @2w|. 1In the
frequency range we have studied, tﬁe most prominent features in €2(w)

and €2(2w) for all the three compounds are the E. and El + Al spin-orbit

split peaks and the E2 peak, following the notations of Cardona?4

1
The

El and E. + Al peaks come from transitions between the top spin-orbit

1
split valence bands and the bottom conduction band along the A symmetry
direction in the Brillouin zone (see Fig. 8 for a typical band structure
for TII-V compounds)26’%€e E2 peak is due to transitions between the

two top valence bands and the two bottom conduction bands in the general
region around X, I, and A, as indicated in Fig. 8. 1In all the three com-
pounds, we have found that the measured Ixii)(Zw)| at 80 and at 300K are

not significantly different.
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A. 1InAs
v The measured nonlinear susceptibility-]xii)(Zw)l shows a clear peak at gbout
2.28 eV with a shoulder at ~ 2.5 eV. It falls off more sharply on the

low energy side, and begins to rise somewhat at 2 eV.

We havé seen in Eq. (2) that the structures in IXiz)(Zw)| may be
related to single resonances of w in ez(w) or 2w in ez(2w). The positions
| of the observed structures in |x§2)(2w)| of InAs suggest that the peak
.may corrgspond to the E2 peak in 82(2w) and the shoulder to the E1 peak
in ez(w) . This assignment is‘conﬁirmed by the theoretical calculation of Ref. 25
which shows good aéreement with gﬁgygxggrfggntal results in Fig. 5. The
E2 peak in ;nAs comes mainly from transitions between the top valencé
band and thé bottom conduction band around I and X in the Brillouin zone?6’3é‘36
That the structures in"[xii)(Zw)I correspond to those in ez(w) and EZ(ZwX
v is also reflected by the much smoother variation of the Miller A24 with
w. The possiblé double resonances in ’xiz)(Zw)l do not appear to be

important in this case.

B. InSb

Iﬁ InSb, the measured Ixiz)(Zw)r decreases quite steeply as w
increases from 2.0 eV with é‘shoulder at 2.4 eV and possibly another
one at 2.2 eV. The linear Ez(w) and 62(2w) at room temperature suggest
possible structures in |x§2)(2w)| at %.9 eV arising from the broad E2

peak in éz(Zw)’and the E; peak in ez(w) and 2.4 eV arising

1

from the E. + Al peak in.ez(w). The E2 peak in InSb is

1
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due to transitions along A from the two top valence bands to the two
bottom conduction bands and along Z from the top valence band to the

bottom conduction band.26’34-3%espite the overlapping contributions of

the El and E2 peaks around 1.9 eV in lxii)(Zw)|, this is not a case of

double resonance discussed earlier since the transitions responsible

for the El and E2 peaks respectively occur in different regions of the
(2)

Brillouin zone. Double resonance contributions to IX14 (2w)| do not seem

to_be important in this case. The 0°K theoretical calculations of Fong

and Shen25 confirm the above general assignment, but the structures of
IXii)(Zw)I appear to be shifted to the higher energies presumably be—'
cause of thé temperature difference and thé relative strengths of the
various structures do not agree with the experimental results., The Miller's

A as a function of w is again much smoother than Ixii)(Zw)I.

C. GaAs
(2)

The IXlA (2w)] data of GaAs show a pronounced peak at 2.1 eV, fall
to ‘a deep minimum at 2.35 eV, and then rises steeply again. The peaké in
ez(w) and €2(2w) of GaAs resemble those of x(z)(Zw) quite clogely, except
that the corresponding peaks are shifted. They suggest that in Ixii)(2w)|,
one peak should appear at ~ 2.3 eV arising from the E2 peak 1in 82(2w)
and another peak should appear at ~ 3 eV arising from the El peak in
€2(w). The E2 peak is due to transitions along A from the two top
valence bands to the bottom conduction band and along Z from the top

26,34~36 ,
valence band to the bottom conduction band. The pseudopotential

calculations of |x§2)(2w)l of Fong and Shen25 (Fig. 7) show the correspond-

ing peaks at 2.3 and 2.75 eV. Except for a shift of 0.2 eV présumably r;—
flecting a difference in temperature, the theoretical curve is in good

agreement with the experimentai results. The experimental
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;esults wére foundvto be well reproducible and independent of the
surface orientation (111) or (110)) of the sample. Because of the
ébserved ghift of the beaks in |X§2)(2w)[ relative to ez(w) and Ez(Zw),
the Miller's A for GaAs appears to vary strongly with w in the region

we have studied.

VL. DISCUSSION

As discussed in the preéious sections, the nonlinear susceptibility
Ix(z)(Zw)I has resonant structure when either w or 2w (or both) approaches
resonant peaks in the linear dielectric constant. Thus, in a given
: freduency range, the spectrum-of |x(2)(2w)| should reveal more structure
than the linear optical spectrum. Then, in principle, the former can
provide a more critical check on the band structure calculations than the
latter. Unfortunately, there still exist a number of difficulties in ,
the experimental determination of |x(2)(2w)|.

First, the experimental accuracy in nonlinear optical spectroscopy
is still much less than that in linéar spectroscopy. Even with the
proper normalizatioﬁ scheme designed to eliminate the effect of laser
fluctuations, the statistical variation of the results of second—harmbnic
measﬁrements is large. 1In our.expériments, the results of different
runs aré reproducible to about 20%. At least part of the error comes
from statistical fluctuations of the weak second-harmonic signal. Thé
situation can be greatly improved when singlé—mode dye lasers with
considerably higher power become available.

Second, the high lasér intensity on the sample gurface may heat up

the sample appreciably through absorption. We have found in our experiments
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that the measured IX(Z)(Zw)| with samples at 300K and at 80K are not
noticeably different. This suggests that the laser pulse may have
induced a temperature rise of several hundred degreés in the surface
layer of the sample. A simple estimate, using the known heat capacity
and the calculated 1 usec diffusion length of the sample and
assuming 1hstant thermalization, also gives a temperature increase of
several hundred degrees. We therefore, expect that the observed peaks
may have shifted fo lower enérgies by a few tenths of an eV.36

Figures 5~7 show that such a shift would indeed improve the agreement between
theory and experiment, noticeably in the cases of GaAs and InSb. In order té
reduce the temperature rise, one must decrease the laser intensity on

ﬁhe sample, but then in order to have the same second-harmonic signal,

one must use a laser beam with higher power and larger cross-sectional

~area. The high léser intensity ma& also induce a dense plasma of

electrons and holes in the surface 1ayer of the sample. This may lead

to changeé in linear and nonlinear oﬁtical spectra. However, if we

assume a carrier lifetime of 10’-14 sec, then under our experimental

7. lOls/cm3, which should

conditions, the plasma density is only lO1
have negligible effect on the optical spectra.

Third, as shown in Eq. (13), the'nonlinear susceptibility |x<2)(2w)|
deduced from the measured second-harmonic intensify is proportional to
the quantity Y which, in turn, depends on the linear dielectric constants
e(w) and €(2w) of the sample through R defined in Eq. (10). An error in
€ leads to approximafely'twice the error in Y. Usually, the linear

dielectric constant e€(w) is deduced from linear reflectivity measurements

in a finite frequency range, and the results often depend on how the
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reflectivity is extrapolated outside the limited frequency range.

(2)

The error in € will change the values of lx (Zw)l,_but may or may

not affect the structure in |x(2)(2w)[ appreciably. 1In Fig. 4, the "Y"
values are computed using € deduced from room temperature measurements.31

At lower temperatures, the structure in € and the corresponding structure

in Y are expeéted to shift to higher energies with a rate of ~ 3 x 10_4eV/°K.35
For InSb and GaAs, the Y curves are quite smooth between 2.0 and 2.7 eV.

(2)

No appreciable change in the structure of | (Zw)l at low temperature

should be introduced by using the room-temperature Y values to deduce

IX(Z) (2w)

. For InAs, the room-temperature Y curve has a peak at 2.25 eV

which shifts with temperature. This means that the corresponding peak of
(2) :

Ix <" (2w)| at 1iquid N2 temperature in Fig. 5 could be about 0.1 eV higher

in energy.

Fourth, we have normalized the measured |x(2)(2w)| against the
nonlinearAsusceptibility |xl§2)(2w)| 6f.qua?tz, assuming that the
dispersion of tﬁe latter 1s negligible. This assumption is good in the
frequency range we have investigated since the absorptiqn'band of quartz
starts around 7.5 eV. It, however, becomes a problem if we want to
extend the frequencyvrange further into uv. 1In principle, we can find
]X(z)(Zw)| without normalization by calibrating the entire detection
system over fhe frequency range, but such a calibration process is very
difficult.

The discrepancies between theory and expefiment in Figs. 5-7 may
aiso be due to inaccuracy in the theoretical calculations. In pseudo-
potential calculations, the calculated matrix elements are usually much
less accurate than the calculated eigen-energies. Consequently, the

shapes and strengths of the structure in a calculated spectrum dre less
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reliable than the positions of the structures. We should also remark
that the theoretical curves in Figs. 5-7 were obtained without taking
into account the frequency dependencé of the local field correction.
Since the local field correction'factor appéars in |X(2)(2w)] as é triple
product of those appearing in x(l)(w) and x(l)(Zw), it should affect
IX(Z)(Zw)| much more strongly than e(w) or é(Zw). Unfortunately, no

reliable model is yet available for even an estimate of the frequency-

dependent local-field correction in semiconductors.

A glance at Figs. 5-7 would suggest that for the experimental data
to be more meaningful, they should be extended over a larger frequency
range. Comparison between theory and experiment could then be made
over a number of pronounced structures in the spectrum. Such an experi-
ment requires a relatively high-power lasgr with a wide tuning range,

e.g., from 1 to 3 eV. With the recent advances in dye lasers, this may

soon be possible.

VII. CONCLUSION
We have measured ]xiz)(ZM)l for InAs, InSb, and GaAs at 80 and
300K with w extended from 2.0 to 2.7 eV. The accuracy of the measure-
ments is about 20%. There appears to be no obvious difference between
results.obtained at the two tempe;atures, presumably because of laser
heating of the samples. The experimental data show fair agreement with
the theoretical calculations of Fong and Shen?sexcept that tﬁe structure

2
in Ixia)(Zw){ are obviously displaced and the relative strengths of the

structures may be different.
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The spectrum of Ix(z)(Zw)l can in principle yieid more detailed
information about the band structure of a crystal. At present, it is|
however, 1imitéd.by'the inaccdracy of the measurements and other difficul-
ties. When improvéd high-power dye lasers with a wide tuning range

become available, the measurements of |X(2)(2w)|‘will definitely be

~easier and more accurate, and their usefulness in probing electronic struc-

tures of solids will correspondingly increase.



—20- LBL-3585

REFERENCES
1. R. K. Chang, J. Ducuing, and N. Bloembergen, Phys. Rev. Letters 15, 415

(1965) .

2. N. Bloembergen, R. K. Chang, and J. Ducuing, in Physics of Quantum

Electronics, edited by P. L. Kelley, B. Lax, and P. E. Tannenwald
(McGraw-Hill, N.Y., 1966) p. 67. '

3. F. G. Parsons and R. K. Chang, Opt. Commun. 3, 173 (1971).

4. H. Lotem, G. Koren, and Y. Yacoby, Phys. Rev. B9, 3532 (1974).

5. H. Lotem and Y. Yacoby, (to be published in Phys. Rev. B).

6. F. G. Parsons, E. Yi-Chen, and R. K. Chang, Phys. Rev. Letters 27,
1436 (1971).

7. D. C. Haueisen and H. Mahr, Phys. Rev. Letters 26, 838 (1971).

8. D. C.-Haueisen, Solid State Communications 10, 1313 (1972).

9. D. C. Haueisen and H. Mahr, Phys. Rev. BS, 734 (1973).

10. J. J. Wynne, Phys. Rev. Letters 27, 17 (1971).

11. S. S. Jha and J. J. Wynne, Phys. Rev. B5, 4867 (1972). .

12. F. N. H. Robinson, Bell System Technical Journal 46, 913 (1967).

13. S. S. Jha and N. Bloembergen, Physl Rev. 171, 891 (1968).

14, C. Flytzanis and J. Ducuing, Phys. Rev. 178, 1218 (1969).

15. J. C. Phillips and J. H. Van Vechten, Phys. Rev..lgg, 709 (1969).

16. D. A. Kleinman, Phys. Rev. B2, 3139 (1970).

17. C. L. Tang and C. Flytzanis, Phys. Rev. 183, 709 (1969).

18. D. S. Chemla, Phys. Rev. Letters 26, 1441 (1971).

19. B. F. Levine, Phys. Rev. Letters 22, 787 (1969); Phys. Rev. Letters

25, 440 (1970).

20. B. F. Levine, Phys. Rev. B7, 2600 (1973).



-21- LBL-3585

21. B. F. Levine; Phys. Rev. B10, 1655 (1974).
22, P. L. Kelley, J. Phys. Chem. Solids 24, 607 (1963); J. Phys. Chem.
Solids 24, 1113 (1963). |

23, M. I. Bell, in Electronic Density of Sgates, edited by L. H. Bennett,

, National Bufeau of Standards‘(U.S.) Spec. Publ. No. 323 (U.S. GPO,
' Washington, D.C., 1971) p. 757; Phys. Rev. B6, 516 (1972).
24, R. C. Miller, Appl. Phys. Letters 5, 17 (1964) .
25. C. Y. Fong and Y. R. Shen (to be published in Phys. Rev. B).

26. M. L. Cohen and V. Heine, in Solid State Physics, edited by H.

Ehrenrich, F. Seitz, and D. Turnbull (Academic Press, 1970), Vol. 24,

p. 38.
27. J. Ducuing and N. Bloembergen, Phys. Rev. Letters 10, 474 (1963).

28. J. Ducﬁing and N. Bloembergen, Phys. Rev. 133, A14§3 (1964) .

29. N.'Blogmbergen and P. S. Pershan,lPhys. Rev. 128, 606 (1962).

30. f. D. Maker, R. W. Terhune, M. Nisenhoff, and C. M. Savage, Phys.
Rev. Letters 8, 21 (1962).

31, B. 0. Seraphin and H. E. Bennett, Semiconductors and Semimetals,

Vol. III (Aéademic Press, N.Y., 1967).

32, Am. Inst. of Physiecs Handbook, 2d Ed. (1963).

33, R. Bechman and S. Kurtz, in Landolt-Bdrnstein Numerical Data

and Functional Relationships, edited by K. H. Hellwege and A. M.
Hellwege (Springer-Verlag, Berlin, 1969), New Series Group III,
Vol. 2,

34, M. Cardona, K. L. Shaklee, and F, H. Pollak, Phys. Rev. 154, 696 (1967).

35. R. R. L. Zucca and Y. R. Shen, Phys. Rev. Bl, 2668 (1970).



~22~ LBL-3585

36. H. Ehrenreich, H. R. Phillipp, and J. C. Phillips, Phys. Rev. Letters
8, 59 (1962).
J. P. Walter, R. R. L. Zucca, M. L. Cohen, and Y. R. Shen, Phys.

Rev. Letters 24, 102 (1970).



Fig.

Fig.

Fig.

Fig.

Fig.

Corning 7-54 for A > SZOOA);'Sl and S

00w o

&
f 2N
-

>
P
=
<

=23- LBL-3585
FIGURE CAPTIONS
1. Experimental setup: L-lens; BS—beam splitter; M-mirrors;
Pl—90° prims; P2-90° quartz prism; SC-semiconductor sample;
CQ—calibration quartz crystal; NQ—norﬁalization quartz crystal;

F-filter (1 cm cell of CoSo), ‘saturated in H

4 0 for A < 5200A;

2

2*1/4 meter spectrometers in

tandem; PM, and PMZ—RCA 1r28 photomultipliers.

1
2, Variation of second harmonic intensity polarized parallel to

the plane of incidénce with ¢, the angle of rotatioﬁ about the
crystél face normal, for a cleaved (llOX face of GaAs. The solid
curve is the theoretical variation from Eq. (6), normalized to the
experimental maximum.

3. Variation of second harmonic intensity polarized parallel to

the plane of incidence with ¢, the ;otation angle about the crystal
face normal, for a polished (1l11) face of GaAs. The solid curve

is the theoretical variatioh from Eq; (4), normalized to the experi-
mental maximum.

4., Values of the linear correction factor Y defined in Eq; (13) of

text.

5: a. Experimental values of ratio of nonlinear susceptibilities

(2)

11 (Quartz)| at 80 and 300°K. The light curve is a

' rough fit to the data, and the heavier curve 1s the theoretical

calculation of Fong and Shen (Ref. 25). Also shown ére the values
of Miller's*A derived from the experimental data and the linear

constants.
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(1
I

EI(Zw) = 4ﬂxél)(2w) for InAs. The features correspondihg to the

5: b, The imaginary dielectric constants el(w) = 4Ty )(w) and

El and'E2 péaks are indicated.

‘6: a. Experimental values of ratio of nonlinear susceptibilities

|x£i)(InSb)/x§i)(Quartz)I at 80 and 300°K. The light curve is a

rough fit to the data, and ﬁhe heavier curve is the theoretical
calculation of Fong and Shen (Ref. 25). Also shown are the values
of Miller's A derived from the experimental data and the linear
constants. |

b. The iﬁaginary diglectric constantsvél(w) = 4ﬂxél)(w) and
EI(Zw) = 4ﬂxél)(2w) for InSb. The features corresponding té the

E1 and E2 peaks are indicated.

7:  a. Experimental values of ratio of nonlinear susceptibilities

(2
11

rough fit to the data, and the heavier curve is the theoretical

Ixiz)(GaAs)/X )(Quartz)] at 80 and 300°K. The light curve is a

.calculation of Fong and Shen (Ref. 25). Also shown are the values

of Miller's A derived from the experimental data and the linear

constants.

b. The imaginary dielectric constants EI(w)‘; 4ﬂxil)(w) and

SI(Zw) = 4WX§1)(2w) for GaAs. The features corresponding to the
El and E2 peaks are indicated.

8. A typical band structure computed by the empirical pseudopoten-
tial method (Ref. 26). The transitions corresponding to the E1 and

E2 peaks are indicated.



TABLE I DYES and

Dye

TUNING RANGES

Solvent . (mg/f)

Conc.

Tuning Ronge

7-Diethylamino
4 -Methylcoumarin

Coumarin 30
- Coumarin 6

Rhodamine 6G

Rhodamine SG

" Ethanol

" Ethanol

~ Ethanol

HoO + HFIP
2:1

| Ethanol

100

30

25

60

60

4500 — 4950 A

4900 — 5200 A

5200 — 5600 A

_ - o
5600 — 6100 A

5700 — 6300 A
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TABLE I. DYES and TUNING RANGES

Ethanol

~Conc. )

Dye Solvent (mg/f) ~Tuning Ronge

. » ' v _ . O
7-Diethylamino Ethanol 100 © 4500 — 4950A
4 -Methylcoumarin - | S -
Coumarin 30 Ethanol 30 4900 — 5200 A
Coumarin 6 Ethanol = 25 5200 — 5600 A
Rhodamine 6G  H,0+HFIP 60 5600 — 6100 A
Rhodamine 6G 60 5700 — 6300 A
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United.
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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