
DEGENERATE SEMICONDUCTOR BAND STRUCTURE

product D(V)I'(V) was computed using Eqs. (35),
(36), and (37) of Ki. The theoretical current is practi-
cally proportional to this product and the theoretical
curve is shown in Fig. 9 normalized to the same peak
current as the empirical curves. Clearly, agreement is
good up to about the peak voltages, but at higher
biases the theoretical curve drops off very much faster
than the experimental one. The reasonable conclusion
is that the substained experimental currents arise from
the presence of band edge tails so that a clean uncrossing
of the energy bands does not occur.

Kane has used his band-edge tail theory (K2) to
compute the theoretical current-voltage curves for
three representative junctions. These junctions cover
the range of donor concentrations used in these experi-
ments, namely, 2.5)(10",4.8&(10",and 1.5)(10"cm '.
For all three junctions the acceptor concentration was

2.3)&10" cm '. The true peak voltages found experi-
mentally for these three junctions were 33, 36, and 52
mV. Kane's theory leads to values of 36, 42, and 56 mV,
respectively, in good agreement with the experimental
values. The empirical curves, V exp (—P' V) with
P'= V„', are compared with the theoretical ones in
Fig. 10. For each junction the pairs of curves have been
normalized to have the same peak current but the
relative magnitudes for the three junctions have no
significance. It is clear that in addition to the agreement
of peak voltages, the theoretical curves are a good fit
to the experimental ones at biases greater than the peak
voltage, in contrast to the earlier theory, K1, for un-
distorted bands. No particular significance can be
attached to the slight discrepancies at low biases.

The authors wish to express their appreciation to
E. O. Rane for many valuable discussions.

P H YSI CAL REVIEW VOLUME 131, NUMBER 1 1 J ULY 1963

Mechanism of Second Harmonic Generation of Optical Maser Beams in Quartz

RoBERT C. MILLER

Bell Telephone Laboratories, JI/array Hill, Sew Jersey
(Received 18 February 1963)

This paper is concerned with the experimental determination and the interpretation of the relative magni-
tudes of the two independent coefficients, d» and d&4, that appear in the tensor which describes the symmetry
of second harmonic generation (SHG) of optical maser beams in quartz. Experimental data on these co-
e%cients aid in determining the physical process involved in optical SHG. Data have been obtained for
both ruby (6934 A) and CaWO4. Nd+'(10 582 A) unfocused laser beams. These experiments, which failed to
give any evidence of SHG due to d&4, show that d&4/d»&1/30 for the ruby laser, and &1/40 for the Nd
laser. The result d&4&&d» shows that the mechanism involved in SHG in quartz is nearly lossless and dis-
persionless at the frequencies of the laser beams and their second harmonics. This further shows that in
quartz the linear electro-optic effect and optical SHG cannot be due to the same mechanism. It is concluded
that optical SHG in this material is due to a high-frequency electronic mechanism.

INTRODUCTION

HERE exists in the literature a fair amount of
experimental data' ' and theoretical discussion' '

on frequency doubling of optical maser beams in quartz.
Of particular theoretical interest is the paper by
Kleinman' which indicates that insight into the mecha-
nism involved in second harmonic generation (SHG)
can be obtained from experimental data on the sym-
metry of the phenomenon. The required data have now
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In Eq. (1), Ps„ is the part of the dielectric polarization
that varies with time at twice the laser frequency ~, E;
are the optical electric field components in the medium
at frequency co, and d;; are the nonlinear coefficients.
There has been some speculation concerning the magni-

been obtained for SHG of the ruby and CaWO4. Nd+'
laser beams in quartz. The method by which these data
have been determined, and their interpretation in terms
of the mechanism responsible for SHG in quartz, are
discussed in this paper.

From the point group of quartz, class D3, it can be
shown' that the second order polarization, Ps„, has the
for YIl)



BEg I C. M&M&LLE+g6

QUART&

E~~)((f)g)

t„...b

cedure ls use
d„of order ~o.lase~ 106 ) one obtains i4

ld be easy to1 or larger wouof the order od14 "
ta]1 .detect experlmen y.

EXPERIMENTAL
~ ~

f the essentia

GLAN- THOMPSo N PRlSM

hematic drawin
e

FI ure
enta arran

y shows a sch
ement.

X

tation of the quartz
jn the experimen

' 'nthe laneof

tic drawing showing the orientat o o
ting the components I

' 1,has the y axis in

pro 1. Schemat
o the po&arized laser bea

coe@cients
artz crysta 2 mm .

d s (trigonal) axes

sample with resp
&. bt adzes due to the two o" '" '

q
1 t while the x (binary

o the normal to the

second harmonic hght waves
Bye and dy4.

1 te The unfocused as
tu e

roblem, use a e

al. Under t ese
and dispersionless mec a-

(3)

SHG e.g. , a high qonsible for
r re uire-

P2co dii e 0 14

dd'tio 1 t

Oar
'

rs g rtz @and

chanism, a i io
stal s m-

n 0 ar
'

rs along the quarg
ls. The additional

ments e
me

tKSC) do ot apply
ents w ic w

to contri u ion

symme r
r conditions

HG can be separa e
cts the inRuence o

dd
iscussion given cond-order electric moments

the case underin . %ith respect to t e c
i era

' '
resent paper,

d Raman scatter g.
ideration in the pr p

olarize in

consi era
' ' r p

ri
1

d14 d25 36)

e~ ul xs plane. ince
nl the inhuence o

tzre uires t at 14= .
of their shortest w

hal monic ig

w
1t the KS are a

sorbing activity on
to o tical ac ivi

have shown tha

red Theegectsdue o pKSC g Eq (
al s mmetry re a ion

are strictlylar t e
erefore, ca cu a

o far as eth present results

me'.
di ndndis ersiveme

'

e case found to eb eg,
.
g,b

f the Ca 4.

orrect only for non
'

p
lt. However, in the

d. In te case o

corr

ll h.
m amplitude or a

o u, mle were is
eg pp

e wave po ariz
aser frequencies and

1 ctivity on a

ion of the optical maser rp " go
nics one mig

1

roduc d by t e

ve

second harmoni

uartz secon a
go Pp o

am litu e opate '—'there has been no a e
h d odB . Th

() pp op' ezoelectric t e y

so
re

' "=0.Theonly t at jdD 1
' lld"—

letely in quartz i
stalis at 56'10 to

h 1ted ttes is
classD4. Outo a ouguani

'

, dfic cr stals investiga
'led to

AND DISCUSSION

P o " y

RESULTS AN

ser beams ata obtained with the laser beams a
SHG th

P 1 dtlt fo di

the noise level owas below
I ssless mecha

t b t f d

the
the nondispersive, ocarbonate supports e

'
e o

fFi
'

nts it is necessary
W rd~h e est

of nonlinear coeKcien s,
' '

r6 34 A) interactmg wiith quartz an
cou d be of order 3. This non-

m 1e, J. F. Nye, Physical Propertzes od Ward from
nt of dlspelsion e gthe small amoun o



GE N E RATION OF OP T I CAL MASER BEAMS IN QUARTZ

and
I» 0- d~Pl»'E, ' sin'0 sin'(vrq/2l»), (4)

I&4 ~ d~4'i~PE, 'E,' sin'(mg/2l~4). (3)

In these expressions, 8 is the angle between the beam
direction and the optic axis, and l is the coherence
length. 'r The coherence length is given by l=X&/46n,
where ) ~ is the free space wavelength of the funda-
mental, and Ae is the difference between the indices of
refraction for the second harmonic and fundamental
light waves. In order to ascertain that a contribution
from d&4 was not fortuitously absent in the preliminary
data due to these interference effects, and that any
intensities observed were representative of the maxima
of the second harmonic light waves, both output polari-
zations were observed as the crystal was rotated about
the y axis. This rotation changes the path length of the
beam in the crystal so that the periodic variation of the
second harmonic is observed. For both lasers, the d~i

contribution exhibited the characteristic interference
effects described by Eq. (4). The coherence lengths
calculated from the experimental data, l~~= 20 p, for the
Nd laser, and l» ——7 p for the ruby laser, are in agree-
ment with those estimated from index of refraction
data. "No contribution due to di4 was observed. When
these data are analyzed with the aid of Eqs. (4) and (5),
it is found that d~4/d»(1/30 for the ruby laser and
(1/40 for the CaWO4. Nd+' laser.

Thus, it is clear that any contribution to the second
harmonic of these optical maser beams due to d~4 is at
least three orders of magnitude smaller than that due to
d&i. The experimental result that di4&&d~~ is in agreement
with the additional symmetry requirements described
by Kleinman for a lossless and dispersionless mechanism
for SHG. Therefore, in the case of quartz, a high fre-
quency electronic mechanism is the important physical
process involved in the generation of the second
harmonic. However, as discussed by Kleinman, ' the fact
that the two electro-optic coeKcients for quartz are of

I See, for example, AmericuN Institute of Physics Handbook
(McGraw-Hill Book Company, Inc., New York, 1957) Sec. 6.

second harmonic light wave."Maker et u/. ' have
demonstrated the existence of this e6'ect in quartz. The
interference, which arises from a combination of anisot-
ropy and dispersion, produces a second harmonic wave
whose amplitude varies in a periodic manner along the
beam direction from zero to some maximum value. For
the case under study, the intensities of the second
harmonic waves as a function of the distance g in the
crystal can be represented by

the same magnitude indicates that an ionic mechanism,
and not a high frequency electronic process, is involved
in the linear electro-optic effect in this material. It,
therefore, appears that for quartz, SHG and the linear
electro-optic effect are due to different physical proc-
esses. In support of this statement, it should be noted
that the coefficients which describe the quantitative
aspects of SHG' and the linear electro-optic effect "
differ by about two orders of magnitude.

The estimates of (d&4/d») made by Franken and
Ward' seem to be too large. It appears to the present
author that the method employed to estimate the effects
due to dispersion may only be valid for comparing non-
linear coeKcients which become equal in the absence of
dispersion, i.e., in the limit that 2' can be considered a
low frequency. Franken and Ward show that d&4, d»,
and d36 become equal as the laser frequency approaches
zero, which should be the case if the theory is correct.
However, it is certainly not required that d» ~ d&4 as
a) —+ 0 and, therefore, d» and d&4 cannot, in general, be
compared at optical frequencies by just considering the
frequency-dependent parts of the theoretical expressions
for the nonlinear coefIicients. In view of these remarks,
it would seem that a more meaningful test of this
method for estimating the effects of dispersion on the
KSC would be to measure and compare d~4 and d36 in
KDP. For this case, Franken and Ward estimate that
d&4 and d36 could differ by of the order of 30%.

Note added im proof Recent. data on KDP (to be
published) show that for both the Nd and ruby lasers,
the coeflicients d~4 and d3q are equal to within 5%.

Franken and Ward (private communication) have
recently rehned the order-of-magnitude estimates,
quoted in Ref. 7, for the coefficient ratios in quartz and
KDP with the result that the ratios should be about an
order of magnitude less than stated earlier. One of the
important changes in the calculation is that the effective
frequency which determines the dispersion of the coefB-
cients is now assumed to be the frequency which de-
scribes the optical dispersion with a Clausius-Mosotti
type expression, rather than the frequency of the ab-
sorption edge which was used previously.
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