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Observations have been made of the two-photon excitation of an electron from the valence to the con­
duction band in CdS (£0 = 2.5 eV) using a pulsed ruby laser (ho = 1.78 eV). The radiative recombination 
emission from exciton and impurity levels subsequent to the simultaneous absorption of two quanta of 
fot> = 1.78 eV was observed as a function of laser intensity and compared to the emission excited by single-
quanta absorption for photons of hco>Eg. I t was found that the intensity of the recombination radiation is 
proportional to 7on for single-quanta excitation and 70

2n for double-quanta excitation, where I0 is the excita­
tion intensity and n is a constant which differs for different groups of emission lines. The observed cross 
section for double-quanta excitation is compared with theory utilizing the band parameters of CdS. 

I. INTRODUCTION 

AN intrinsic semiconductor normally does not 
exhibit any optical absorption capable of produc­

ing electron-hole pairs for photon energies less than the 
energy gap. This is true for the light intensities employed 
in conventional optical absorption experiments. How­
ever, for sufficiently high incident intensities of photons 
whose energy is less than the band gap, the multiple-
photon excitation of a valence electron to the conduction 
band can take place and consequently in principle, a 
perfectly transparent semiconductor does not exist! 
This type of transition involves virtual states and does 
not require the presence of impurity levels within the 
forbidden gap. In the present work,1 a study has been 
made of the creation of electron-hole pairs in CdS by 
the simultaneous absorption of two photons produced by 
a focused ruby laser whose photon energy (fio)= 1.78 eV) 
is considerably less than the CdS band gap (Eg= 2.5 eV). 
The absorption was detected by observing the sub­
sequent recombination emission produced in the region 
between 4900 and 5500 A. The experimental results are 
compared with a theory which takes the band structure 
into account. 

The advent of intense monochromatic sources of 
radiation by means of optical masers has made it experi­
mentally feasible to observe a number of intensity-
dependent optical interactions in matter which involve 
two or more photons. Harmonic generation2-"7 and 
optical mixing,3,7 in which two photons of the same or 
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nearly the same frequency combine in a solid to produce 
a third photon, have been extensively studied. The ob­
servation of the above interactions in appropriate solids 
depends intimately upon the coherence of the incident 
light; in contrast double-photon absorption can in 
principle be observed with a conventional intense in­
coherent-light source. Since double-photon excitation 
depends upon the square of the incident intensity, this 
intrinsic absorption process is to be considered whenever 
a solid is irradiated with an intense light source of 
photon energies greater than half the band gap. 

CdS was selected for the present study of double-
photon absorption primarily because the single-photon 
absorption process has been extensively studied in this 
substance and it is consequently possible to compare 
double- and single-photon absorption on the same crys­
tal. In addition, one can utilize the band-structure 
parameters determined from single-photon absorption 
measurements to estimate the double-photon absorption 
coefficients. We believe that this is the first observation 
of a simultaneous two-photon transition between 
valence and conduction bands in a semiconductor. 
Previously, two-photon absorption has been observed 
between broad bands in (CaF2:Eu2+)8 and in several 
polycylic, aromatic, molecular crystals,9'10 as well as 
between discrete atomic levels in Cs vapor.11 Recently, 
intensity-induced optical absorption has also been ob­
served in a number of liquids.12 

II. CALCULATION OF TWO-PHOTON ABSORPTION 

The general theory for two-photon absorption was 
first given by Goppert-Mayer.13 The absorption coeffi­
cient for two-photon excitation of an electron from the 
valence to the conduction band in terms of the band-
structure parameters in a semiconductor has been 

8 W. Kaiser and C. G. B. Garrett, Phys. Rev. Letters 7, 229 
(1961). 

9 L. Peticolas, J. P. Goldsborough, and K. E. Rieckhoff, Phys. 
Rev. Letters 10, 43 (1963). 

10 S. Singh and B. P. Stoicheff, J. Chem. Phys. 38, 2032 (1963). 
1 1 1 . D. Abella, Phys. Rev. Letters 9, 453 (1962). 
12 J. A. Giordmaine and J. A. Howe, Phys. Rev. Letters 11, 

207 (1963). 
13 M. Goppert-Mayer, Ann. Phys. (Paris) 9, 273 (1931). 
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FIG. 1. Schematic 
diagram of band struc­
ture model used to 
calculate double-photon 
absorption. 

derived by Braunstein14 and extended by Loudon15 to 
take into account the effect of excitons on the absorption 
coefficient close to the band edge. Two-photon excita­
tion of impurity levels in a crystal has been considered 
by Kleinman.16 The theory for photoelectric emission 
from a metal surface by two-photon absorption has been 
considered by Smith.17 For continuity of discussion and 
comparison of the present experiments with theory, the 
band-to-band calculations for allowed transitions14 will 
be rederived and the calculations extended to the case 
of forbidden transitions. 

For simplicity, consider a solid whose band structure 
consists of a valence and two conduction bands with 
extrema at k=0; a schematic diagram of this model is 
shown in Fig. 1. If two monochromatic beams of energies 
fioii and fio)2 both less than the band gap but whose sum 
is greater than the gap are incident upon such a solid, 
the transition probability per unit time for an electron 
to be excited from an initial valence-band state k to a 
final conduction-band state k by simultaneously ab­
sorbing two photons is given by 

2TT 

Pvk,ck ~ 
•tl vnti n 

ZAE+Enk+Evk-hcci'} 

£1 vn-El nc 

£AE+Enk+Evk-ha>2~]\ 

XdiEg+Eek+Eik-hon-hui), (1) 

where Hvn and Hnc are the optical matrix elements 
which couple the valence band and conduction band, 
respectively, to an intermediate state n. Eg is the separa­
tion of the valence and lower conduction bands at k=0, 
AE is the separation between the valence- and inter­
mediate-band extrema and ECk, Enk, and Evk are the 

14 R. Braunstein, Phys. Rev. 125, 475 (1962). 
15 R. Loudon, Proc. Phys. Soc. (London) 80, 952 (1962). 
16 D. A. Kleinman, Phys. Rev. 125, 87 (1962). 
17 R. L. Smith, Phys. Rev. 128, 2225 (1962). 

energies in the conduction band, intermediate band, and 
valence band, respectively, as measured from their 
extrema. In the above expression only transitions be­
tween states with the same k are considered; i.e., vertical 
transitions, and consequently, the finite momentum of 
the photon was neglected. If one includes the fact that 
the optical matrix elements do not vanish for arbitrarily 
small photon wave vectors, one could use a two-band 
model for the calculation. In the present calculation, we 
have considered only one virtual state, while in fact it is 
usually necessary to sum over all possible intermediate 
states. The justification for this procedure is that the 
dominant contribution to the transition probability 
results from intermediate states which are closest to 
the final conduction band. 

The absorption coefficient K\ for photon ficoi when iia)i 
and ficx)2 are simultaneously present, may be simply 
related to the number of fu*i photons absorbed per unit 
time per unit volume and is given by 

In 1 dNi In 
K\— =H X) pvk,ck, (2) 

c Ni dt cNi k 

where n is the index of refraction, c the velocity of light 
and N\ the density of photons feoi. The factor of two is 
included in the absorption coefficient to account for the 
two-electron spin orientations. We shall assume that 
there is very little spatial variation of the beam within 
the medium, i.e., all absorption processes are small. 

By combining Eqs. (1) and (2), the absorption 
coefficient is given by 

16irznheA r d?k r 

cm^io)2 J (27r)3L 

p ID 2 
-L vn •£ nc 

(2TrYL[AE+Enk+Evk- &>,] 

- T 
X6(Eg+Eek+Evk-hai-Iuai), (3) 

where the conventional optical matrix elements18 have 
been used. Pvn and Pnc are the appropriate momentum 
matrix elements with superscripts 1 and 2 indicating 
their components in the directions of polarization of 
photons hwi and noo2, respectively. 

To obtain explicit expressions of K± for a given solid, 
it is necessary to have some knowledge of the momentum 
matrix elements as well as the k dependence of Evu, Enk, 
and ECk. If the transitions are allowed, i.e., the coupling 
is between bands of opposite parity, |P v n | 2 and |jPnc|2 

can be taken as constants near the band edges as a first 
approximation and are given in terms of the / value 
for the transition by: 

\Pit\*=mfu*if fa/2. (4) 

18 W. Heitler, The Quantum Theory of Radiation (Oxford Uni­
versity Press, New York, 1954), 2nd ed. 
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If the transitions are forbidden, i.e., between bands of 
the same parity, one may assume that the momentum 
matrix elements are proportional to k» of the initial state: 

\P<s\*={m/mT)W(e*-±iY, (5) 

where ntT is an effective mass for the transition and eg 

represents a unit vector for the photon polarization.19 

We shall assume that the energy bands are spherical 
and parabolic and consequently are given by 

Evk=avft
2k2/2rn, Enk=an¥k2/2m, Eck=ac¥k2/2m, (6) 

where the a's are the inverse effective-mass ratios. 
There are three types of double-photon transitions 

to be considered depending upon the symmetries of the 
valence, conduction, and virtual-conduction bands. 
These may be defined as "allowed-allowed," "forbidden-
allowed," and "forbidden-forbidden" transitions; the 
designations following from the appropriate matrix 
elements involved in the transitions. Substituting ex-
expressions, (4), (5), and (6) into Eq. (3) and perform­
ing the integrations, we obtain explicit expressions for 
the three possible types of transitions: 
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For the allowed-forbidden transition, it was assumed 
that the transition from the valence band to the inter­
mediate state was allowed and that from the inter­
mediate state to the conduction band was forbidden. In 
cases where the reverse is true, there will be a similar 
expression as Eq. (8) with o)vn replaced by conc and fvn 

19 J. Bardeen, F. J. Blatt, and L. H. Hall, in Proceedings of the 
Conference on Photoconductivity, Atlantic City, November 4-6,1954, 
edited by G. H. Breckenridge, B. R. Russell, and E. E. Hahn 
(John Wiley & Sons, Inc., New York, 1956), p. 146. 
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FIG. 2. Experimental arrangement for exiting double-photon 
absorption in CdS and observing the resulting radiative recombina­
tion. The outputs of the photomultipliers were fed directly into a 
dual-beam oscilloscope for comparison of the laser and fluorescence 
signals. 

replaced by fnc. In arriving at the above expressions, 
we have replaced the square of the sum of the matrix 
elements in Eq. (3) by the sum of squares which is 
equivalent to assuming that one is dealing with in­
coherent photons, since we are initially considering that 
the two photons fto)i and fco2 are produced by different 
sources. However, in the present experiments where 
the photons are of the same frequency and are derived 
from the same coherent source, the cross products of 
the matrix elements will make a small contribution to 
the transition probabilities. The double-photon absorp­
tion process employing a broad-band incoherent source 
of radiation can also be calculated from the above ex­
pressions by integrating over the spectral distribution 
below the band gap. 

It is seen from Eqs. (7), (8), (9), and (10) that the 
absorption coefficient for photons %on is a function of the 
density N2 of photons ftco2 simultaneously present in the 
solid. The intensity-dependent absorption edges in­
crease as some power of the photon energy depending 
upon the symmetries of the bands with a threshold at 
fto)i-\-fio)2—Eg. As a consequence of these characteristics, 
there are a number of different types of experiments 
which may be performed in order to detect the resultant 
electron-hole pairs created by two-photon absorption. 
These include the direct measurement of the intensity-
dependent absorption, or the observation of photocon­
ductivity, or fluorescence produced by irradiating a 
solid with photons of the same or different energies, both 
of which are less than the energy gap but whose sum is 
greater than the energy gap. For experimental con­
venience, the double-photon absorption at fio)= 1.78 eV 
was detected by observing the subsequent recombina­
tion emission in the region between 4900 and 5500 A 
produced by the created pairs. 

III. EXPERIMENTAL 

The fluorescence spectrum was measured for a number 
of CdS crystals excited by a focused ruby laser whose 
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(a) 

(b) 

FIG. 3. Correlation be­
tween the emission of CdS 
at 123°K and the exciting 
ruby laser. In each figure 
the upper trace is the laser 
signal and the lower trace is 
the fluorescence signal; (a) 
emission at 4 9 9 0 A, hori­
zontal sweep 100 yusec/cm; 
(b) same as (a) except for a 
larger time constant in de­
tecting circuits; (c) same as 
for (a) but with horizontal 
sweep of 5 /usec/cm; (d) 
emission at 5100 A same 
time constant as (a) but 
with horizontal sweep of 
5 /zsec/cm. Note the perfect 
time correlation in (c) for 
exciton recombination and 
the slightly delayed elec­
tron-impurity emission in 
(d). 

(A) 

photon energy fico= 1.78 eV is less than the energy gap 
Eg=2.5 eV, as well as by the conventional use of the 
3660 A Hg line, whose photon energy is greater than the 
energy gap. The spectral distribution as well as the 
intensity of the emission was determined as a function 
of incident intensity for both types of excitation. The 
spectra shown in this paper were for a typical undoped 
crystal of dimensons 10 mmX8 mmXl.78 mm grown 
at the RCA Laboratories; similar results were obtained 
using undoped crystals supplied from other sources. 

A schematic diagram of the experimental arrange­
ment for observing the emission from crystals using the 
focused ruby laser is shown in Fig. 2. The ruby rod was 
3 in. long and \ in. in diam with parallel ends coated with 
multilayer dielectric films giving 100% reflectivity on 
one face and 50% reflectivity on the other for the 6943 A 
line. The ruby was mounted in a conventional laser head 
and was optically pumped by a helical GE FT-524 
flash lamp. Operated at room temperature, this laser 
produced approximately 0.1 joules of output power 
which is equivalent to 4X1017 photons per flash. When 
focused onto an area of 10~2 cm2 of the sample, the 

photon density was 3Xl012/cm3; larger energy densities 
produced by sharper focusing resulted in sample 
damage. The crystals were mounted in a Dewar which 
contained liquid nitrogen for the low temperature runs. 
The sample temperature was measured by an iron-
constantan thermocouple cemented directly to the 
crystal. The spectra were measured by a Perkin-Elmer 
model 12C Spectrometer using a CaF2 prism and utiliz­
ing an RCA 1P28 photomultiplier as a detector. The 
laser beam was monitored by reflecting part of the beam 
into an RCA 7102 photomultiplier. Filters F± and Fz 
eliminated most of the zenon flash lamp radiation while 
F2 attenuated the laser emission; their position in the 
optical chain is shown in Fig. 2. 

In the studies of the emission excited by Hg excita­
tion, a Bausch and Lomb monochromator using a 600 
lines/mm grating was used. The HBO-500 mercury 
source was focused by a large aperture lens or mirror 
onto the crystals immersed in liquid nitrogen. The 
radiation, which was emitted from the same face of the 
crystal which received the excitation radiation was 
focused onto the monochromator slit after passing 
through appropriate filters. A Corning 7-54 filter and 
10 cm of CUSO4 solution isolated the 3660 A Hg line. 
The emitted radiation was detected by an RCA 7265 
photomultiplier whose output was fed to a recorder via 
a Vibron electrometer. 

IV. RESULTS 

The experimental results involve a comparison of the 
fluorescence spectra of CdS as excited by the 3660 A Hg 
line with that excited by the 6943 A ruby laser line. The 
emission spectrum was studied in the 4900- to 5500-A 
region for both means of excitation since it is in this 
spectral region that previous single-quanta excited-
fluorescence spectra have been extensively studied. The 
"green emission" bands in the region between 5100-
5400 A at 77°K have been previously identified as due 
to recombination of a free electron with a trapped 
hole,20-22 while the so-called "blue emission" bands 
appearing at shorter wavelengths are presumably due 
to the recombination of free electron-hole pairs via an 
exciton state.21-23 The emission was studied as a func­
tion of wavelength, time, polarization, and excitation 
intensity for the ruby excitation; and as a function of 
wavelength and excitation intensity for the Hg source. 

A. Double-Photon Excited Emission 

The correlation between the emission of CdS at 123°K 
and that of the exciting ruby laser is shown in Fig. 3. 
The detected output of the laser and the CdS emission 
were both displayed on separate channels of a Tektronix 

20 G. Diemer, G. J. van Gurp, and H. J. G. Meyer, Physica 
23, 987 (1957). 

21 G. Diemer and A. J. Van der Houven van Oord, Physica 
24, 707 (1958). 

22 R. J. Collins, J. Appl. Phys. 30, 1135 (1959). 
2* D. G. Thomas and J. J. Hopfield, Phys. Rev. 116, 573 (1959). 
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502 dual-beam oscilloscope. Figure 3(a) shows the 
partially resolved laser and emission spikes where it is 
seen that on the average the relative intensities are 
correlated with each other. This observation is further 
illustrated in Fig. 3(b) where a larger time constant in 
the detector circuits averaged the spikes. A time-
expanded display of the laser and emission spikes is 
shown in Figs. 3(c) and 3(d). It should be noted that at 
4990 A, the region of exciton recombination, there is a 
perfect time correlation between exciton and emission 
spikes. In the region of electron-trapped hole recombina­
tion at 5100-5400 A, there appears to be a time delay 
of several microseconds between the emission and the 
excitation spikes. The usefulness of using laser spikes for 
studying the kinetics of emission processes is clearly 
indicated by these results. Although there is no apparent 
correlation of the intensity of the excitation and emis­
sion spikes in the time expanded traces in Figs. 3 (c) and 
3(d), the correlation of the envelope of the laser and 
emission spikes previously indicated in Figs. 3(a) and 
3 (b) justifies the use of the envelope maxima as a meas­
ure of relative signal intensities. The lack of intensity 
correlation in the time expanded scale may be due to 
the detailed kinetics of the respective recombination 
processes. 

The unpolarized and polarized emission spectra of a 
CdS crystal at 300 °K excited by the laser is shown in 
Fig. 4. Previously, the CdS emission had only been 
observed at room temperature in a limited number of 
cases for excitation by photons greater than the energy 
gap.24 The intensity of the emission varied from sample 
to sample for a given incident laser intensity; these 
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FIG. 4. Emission from CdS at 300°K excited by a focused ruby 
laser. The laser output was 0.17 J focused into a 10~2 cm2 area 
of the crystal. 

5200 
WAVELENGTH IN A 

24 B. A. Kulp, R. M. Detweiler, and W. A. Anders, Phys. Rev. 
131, 2036 (1963). 

FIG. 5. Emission from CdS at 123°K excited by a ruby laser with 
0.15 J focused into a 10~2 cm2 area of the sample. 

differences in quantum efficiencies are not surprising in 
the light of previous work on CdS. It is seen in Fig. 4 
that the emitted radiation is polarized, the intensity 
perpendicular to the c axis is about three times that 
parallel to the axis. The recombination radiation was 
observed to follow the power law Joc/0

2±0-3 where / is 
the emission intensity and Jo is the laser intensity. In 
obtaining these measurements, Jo was varied by insert­
ing neutral-density filters between the laser and the 
focusing lens. Each data point in Fig. 4 is the average 
of between two and five successive observations; the 
error lines indicate maximum deviations from this 
average. Since the laser intensity varied slightly from 
flash to flash, the observed emission intensities were 
normalized to the same laser intensity for all the 
recorded spectra. In the normalization procedure for 
this spectrum and all subsequent spectra reported in 
this work, the appropriate empirically determined 
power law relating the intensity of the emission to 
excitation was employed. 

The above measurements were also performed at low 
temperatures where it was possible to observe fluo­
rescence by ruby-laser excitation as well as by single-
quanta Hg excitation for comparison. The observed 
unpolarized emission spectra at a temperature of 123°K 
is shown in Fig. 5. The rather large errors indicated in 
this spectrum make it difficult to ascribe some of the 
wiggles as due to real structure. However, successive 
runs enabled one to identify the major lines in this 
spectrum with the structure observed by using greater 
than band gap light; the line positions agree with those 
reported in the literature.22,23 The emission shown in 
Fig. 5 was found to be polarized with the component 
perpendicular to c axis being six times greater than the 
component parallel to the c axis. 

Two groups of lines in the above spectrum exhibit 
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FIG. 6. Fluorescence spectra from CdS at 77°K as a function of 
incident intensity excited by the 3660°-A line of Hg. 

different power laws relating the fluorescence to excita­
tion intensity. Namely, the intensity of the lines be­
tween 4900 and 5050 A varied as / « 70

2±0-2 while for the 
lines between 5050 and 5400-A the relationship is 
IccJ0

1^-1, The emission obeyed these power laws over 
a range of I a of 102. The significance of the difference 
will be discussed after similar relationships for the 
single-quanta excitation are presented. 

B. Single-Photon Excitation 

The unpolarized emission spectra at 77°K excited by 
the 3660-A Hg line is shown in Fig. 6 for three different 
excitation intensities. There is a marked similarity be­
tween this single-photon excited spectra and the double-
photon ruby laser excited spectra shown in Fig. 5. In 
general, the wavelengths observed for both means of 
excitation agree within experimental error. The major 
differences between the two spectra are with respect to 
the relative intensities of the various groups of lines. 
The failure of the intense 4875-A band to appear in the 
laser-excited spectra is probably due to self-absorption 
in the sample since the emission was observed from the 
side opposite the incident laser beam. Double-photon 
absorption takes place essentially throughout the bulk 
of the solid and since the single-quanta absorption co­
efficient of CdS at 4875 A is very large, the excited 
radiation at this wavelength will be self-absorbed. In 
contrast, for the case of the Hg excitation, the emission 
is collected from the same face as the incident excitation 
and so is generated close to the surface and can exit 
from the sample. The relative weakness of the 4940-, 
4960-, and 4990-A lines in the single-photon compared 
to the double-photon excited spectra is most likely due 
to the much smaller exciting intensity of the Hg source, 
relative to the effective double-photon pumping. A more 
detailed discussion of this point will be given later. 

The different intensity law followed by the exciton 
recombination and the electron-trapped hole recombi­
nation is dramatically shown in Fig. 6 where it is 
seen that at low intensities the line at 4875 A is weaker 
than the "green group" of lines at 5000-5400 A while 
at high intensities it becomes larger than the latter 
group. The exciton lines at 4900-5000 A follow the law 
/oc/o1^01 while the "green" lines follow the relationship 

/oc/0o-6±o.o5# This is to be contrasted with the power 
laws /oc/0

2±0-2 and Ice /0
1=t0,1 for the corresponding lines 

in the double-photon excited spectra. The various power 
laws are shown in Fig. 7. The different intensity de­
pendence for the exciton and electron-hole recombina­
tion is consistent with the previous observation by 
Diemer21 which was used by him to identify the re­
spective recombination processes. 

The quantum efficiency was measured at 77°K for the 
crystal used to obtain the spectra in Figs. 4 and 5 and 
was found to be approximately 0.1% for the 4990-A 
line. The quantum efficiency is here defined as the ratio 
of the rate of emission to excitation since the intensity 
law for the 4990-A line is approximately linear. The 
fluorescence yield for the front surface Hg excitation 
was found to be markedly dependent upon the surface 
treatment, while the double-photon yield was inde­
pendent of this surface treatment. The above value of 
quantum efficiency was obtained for a well etched or 
cleaved surface. 

We may summarize the experimental results shown 
in Figs. 4, 5, 6, and 7 by the observation that in general 
the spectra produced by both types of excitation are 
essentially similar except for differences in the emission 
intensity as a function of excitation intensity. The fact 
that the intensity of the emission spectra for the ruby-
laser excitation increases within experimental error as 
the square of the corresponding Hg excitation over 
several decades for equivalent groups of lines strongly 
suggests that the former are due to double-photon ab­
sorption while the latter correspond to single-photon 
absorption. 

C. Auxiliary Measurements 

There are two alternate excitation mechanisms which 
could produce the observed fluorescence other than the 
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FIG. 7. Relative intensity of emission fromo CdS as a function 
of excitation intensity for both the Hg 3660 A line and the ruby 
laser. In both figures the solid lines refer to laser excitation with 
crystal at 123°K while the dashed lines refer to Hg excitation at 
77°K. (a) Emission of exciton recombination line at 4990 A; 
(b) emission of electron impurity recombination at 5120 A. Note 
that the emission follows a power law of the form /oc / 0

n where n 
for laser excitation is twice that for Hg excitation for each line. 
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creation of free electron-hole pairs by the simultaneous 
absorption of two laser photons via a virtual inter­
mediate state. One is the self-absorption in the sample of 
a generated second harmonic 2^co= 2X 1.78 eV> Eg=2.5 
eV and the consequent creation of an electron-hole pair 
by a final single-photon process. The second is two-
photon absorption via an impurity state within the for­
bidden gap. In order to rule out these processes in the 
present experiments, the following auxiliary measure­
ments were made. 

As a consequence of the symmetry of the space group 
of CdS, (6 mm) one can easily show that if the laser 
beam is incident along the c axis no second harmonic 
should be generated. Consequently, if the observed 
emission depends on the absorption of second harmonic 
photons, there should be no emission for the above 
geometry. To check this point a CdS sample was cut 
from the same boule as was a previously studied crystal 
such that its c axis was perpendicular to its faces 
enabling the incident laser beam to be parallel to the 
c axis. At 300°K, this crystal exhibited the same in­
tensity of recombination emission as the crystal whose 
c axis was perpendicular to the laser beam for the same 
excitation intensities. Hence one can disqualify the 
absorption of second harmonics of ruby as the fluo­
rescence-excitation mechanism. It should be noted that 
the absence of second-harmonic generation applies 
strictly speaking only if the incident beam is parallel to 
the c axis. However the harmonic intensity for the con­
vergent excitation employed would be too weak to be 
of any importance. 

It has previously been shown that emission in CdS at 
2.5 eV as well as at lower energies can be excited by 
photons having energies not exceeding 1.75 eV.25,26 

These results were explained by considering a two-step 
optical-excitation process involving excited states of Cu 
impurity levels within the forbidden gap. In this process, 
a photon produces excitation to an excited level that has 
a reasonably long lifetime and then a second photon 
completes the excitation and is to be distinguished from 
double-photon absorption discussed above which in­
volves the simultaneous absorption of two photons and 
is an intrinsic property of the solid. We found in agree­
ment with the previous work25 that tungsten excitation 
of our CdS crystals by photons having energies between 
1.1 and 1.8 eV led to the same fluorescence as was ob­
served with Hg excitation. However, we did not observe 
this emission for tungsten excitation for photon energies 
of 1.78 eV (the same as the laser) with a half-width of 
^0.02 eV. These results are contrary to the excitation 
curves obtained in the previous work26 which substanti­
ated the proposed two-photon excitation process via 

\ / n /FOR r8 i j-f .f - \ 
\ / ^FOR r,_6 J'S INTEGRAL/ 

' / n / T > t II . 1 3 . . . * 

25 R. E. Halsted, E. F. Apple, J. S. Prener, Phys. Rev. Letters 
2, 420 (1959). 

26 R. E. Halsted, E. F. Apple, J. S. Prener, and W. W. Piper, in 
Proceedings of the International Conference on Semiconductor 
Physics, Prague, 1960 (Czechoslovakian Academy of Science, 
Prague, 1961). 

FIG. 8. The energy 
band structure of 
CdS at k = 0 with 
the associated band 
symmetries. 
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copper impurity levels. The intensities of emission for 
different crystals at 123°K obey the relationship /oc/0

n 

with n constant for a given line over a number of decades 
for the laser excitation. It seems likely that a mechanism 
involving the replenishment of electrons from the initial 
copper level by the absorption of a second photon pro­
moting electrons from the valence band to this copper 
level would lead to saturation effects over the range of 
excitation intensities of our experiments. The difference 
between our results for tungsten excitation and the pre­
vious work may lie in differences between our crystals 
and those employed in the above work. 

V. DISCUSSION 

We believe that the recombination radiation observed 
from CdS when excited by a ruby laser is a consequence 
of electron-hole pair creation by the simultaneous ab­
sorption of two red photons via a virtual intermediate 
state. The strongest experimental evidence for this con­
clusion follows from the detailed comparison of the 
fluorescence spectra as excited by the 3660-A line of 
Hg, whose energy is greater than the band gap, with 
that produced by the 6943-A laser line which is less than 
the band gap. The spectral distribution of the emission 
for both types of excitation are essentially similar, 
except for differences in the intensity dependence of the 
emission as a function of excitation intensity. The ob­
served approximate quadratic dependency of the emis­
sion for laser excitation as compared with excitation by 
photon energies greater than the gap is to be expected 
if double-photon absorption were operative. 

We shall now compare the observed fluorescence 
yields with the theory for double-photon absorption as 
further evidence that this excitation process can account 
for the observed spectra. The energy bands27 for CdS 
at k=0 are shown in Fig. 8 and the corresponding 
selection rules for double-photon absorption for electric 
dipole transitions at k=0 are shown in Table I where 
the single-photon selection rules were used in the indi­
vidual transitions.28 In the present experiment, the final 
state in the conduction band is at 2X1.78 eV, well 
above k=0, and consequently it is not possible to 

27 Joseph L. Birman, Phys. Rev. 114, 1490 (1959). 
28 D. S. McClure, Solid State Physics, edited by F. Seitz and 

D. Tumbull (Academic Press Inc., New York, 1959), Vol. 9, p. 432. 
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TABLE I. Selection rules for double-quantum absorption 
in CdS for electric dipole transitions at k = 0. 

Valence 
Band 

r9 
r9 r9 r9 
r7 r7 r7 

II 
J 
.1 
f 

II, JL 
_L 
/ 

Virtual 
Band 

r9 
r7 r8 Ti_6 

r7 r9 ri_6, Ts 

_L 
II, JL 

f 
f 

I I , - L 
_L 
/ 

Conduction 
Band 

r7 
r7 r7 r7 
r7 r7 r7 

Designation 

All owed-allowed 
Allowed-allowed 
Allowed-forbidden 
Forbidden-forbidden 
Allowed-allowed 
Allowed-allowed 
Forbi dden-f orbidden 

ascribe a definite parity to the appropriate point in the 
Brillouin zone. Since we are primarily interested in an 
order of magnitude estimate of the absorption coeffi­
cient, we shall make the somewhat oversimplified, but 
reasonable assumption, that the CdS band structure 
can be represented by a spherical and parabolic three-
band model as is shown in Fig. 1. 

The expressions for "allowed-allowed" and "allowed-
forbidden" transitions in Eqs. (7) and (8) will only be 
considered, since Eq. (9) for the "forbidden-forbidden" 
transitions yields much smaller values than are actually 
observed. In the above expressions, o)i = co2 = 4X 1014/sec, 
Eg=2.5 eV, mT=my fVn = fnc=l, n=2.6 and N2=2 
Xl012/cm3 for the present experiment. K\ is rather 
insensitive to values of AE varying from 2.4 to 5.5 eV. 
The inverse effective-mass ratios for CdS were taken as 
ac = 5, av = 0.2 and an=l. The first two values were 
obtained from optical-absorption experiments,23 while 
the latter was assumed to be unity since the upper con­
duction band is expected to be a heavy mass band. Using 
the above values, Eqs. (7) and (8) give iTi=2XlO- 4 

cm - 1 for the "allowed-allowed" transition and 4X10~~6 

cm - 1 for the "allowed-forbidden" case, respectively. If 
we use the experimentally determined quantum effi­
ciency of 0 .1% obtained from the single-photon Hg 
excitation of the 4990-A line at 77 °K, the calculated 
double-photon absorption coefficients predict corre­
sponding fluorescence yields per laser flash of 8X109 

photons and 2X108 photons for the respective transi­
tions. The measured emission of the 4990-A line at 
123°K for laser excitation was 2X1011 photons at 123°K. 
This value has been corrected for an estimated loss 
factor of ^ 1 0 3 due to internal reflection losses in the 
sample and losses in coupling the output from the 
crystal into the spectrometer. I t is seen that the ob­
served value is in closer agreement with the calculated 
"allowed-allowed" rather than with the "allowed-for­
bidden" transitions. I t was not possible to compare the 
room-temperature double-photon absorption signal with 
experiments since the inability to observe the single-
photon emission at this temperature prevented the 
determination of the quantum efficiency. 

The observation shown in Fig. 5 that the exciton 
emission lines are more intense relative to the electron-
impurity recombination lines for double-photon laser 
excitation in contrast to the case for single-photon Hg 

excitation shown in Fig. 6 can be understood from a 
consideration of the number of electron-hole pairs 
created by both sources. As we have seen, the exciton 
and impurity emission are proportional to Jo1±0 -1 and 
/o°'6±005 , respectively, for single-photon excitation and 
to 7o2±02 and 7o1±0,1 for double-photon absorption; 
therefore for a sufficiently high excitation intensity 
the exciton emission should exceed the impurity emis­
sion. Although the double-photon absorption coefficient 
for the ruby is ^ 2 X 1 0 - 4 cm-1, while for the Hg line the 
single-photon coefficient is ^ 1 0 6 cm -1, the laser flux 
was 6X1022 photons/cm2 sec while for the 3660-A line 
of Hg it was 1013 photons/cm2 sec; consequently approxi­
mately 104 more electron-hole pairs were created by the 
laser than the Hg source which is sufficient to explain 
the different relative intensities. Although the power 
laws for Hg and laser excitation were obtained for 
different effective-excitation intensities, the fact that 
the emission due to laser excitation is consistent with 
double-photon absorption for two different recombina­
tion processes indicates that the power laws shown in 
Fig. 7 would also hold for equal effective intensities of 
both sources. 

One may regard the calculated double-photon absorp­
tion coefficients to be in reasonable agreement with 
experiment in view of the approximations made in its 
application to CdS and the experimental errors involved 
in determining the absolute fluorescence yield. The use 
of a three-band model with spherical and parabolic 
energy surfaces and the neglect of coherence effects and 
the effect of other conduction and valence bands could 
lead to appreciable errors in the estimates of the double-
photon absorption coefficients. In addition, the theory 
should only be a good approximation in the vicinity of 
k = 0 , whereas the final state for the double-photon ob­
servation of 1.78-eV photons was at much greater values 
of k. The experimental yields may be in error by as 
much as a factor of 50 because of uncertainties in geo­
metric factors which were used to calculate the yields. 

The present experiment and theortical estimates of 
double-photon absorption were merely intended as an 
order of magnitude check of this type of intrinsic-
absorption process. These results suggest the feasibility 
of performing two-beam absorption experiments em­
ploying a fixed-frequency (ftui) high-intensity laser and 
a low-intensity variable-frequency (fuai) incoherent 
source where hai<Eg/27 fio)2<Eg and fkoi+fia)2>Eg. 
The low-intensity source can be utilized since as we have 
shown previously, its absorption coefficient K2 is propor­
tional to the intensity of the intense source. This ab­
sorption coefficient can be measured directly or effec­
tively by the subsequent fluorescence or photoconduc­
tivity. The frequency and polarization dependence of 
the absorption edge can yield information about the 
states involved in the virtual transitions by reference 
to Eqs. (7), (8), and (9) and the selection rules shown 
in Table I. 

Double-photon absorption can be of use in a number 
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of optical studies. In cases where single-photon transi­
tions between levels are forbidden for electric-dipole 
radiation, transitions can still be made by a double-
photon process. In order to study transitions to states 
that have large absorption coefficients by single-photon 
absorption, one normally requires thin samples, or one 
performs reflectivity experiments which can be sensitive 
to surface treatment. The fact that photons of energy 
less than the band gap can produce transitions to states 
of twice the energy of the incident photon can be used 
to study upper states by the use of thick samples since 
the double-photons transitions take place throughout 
the bulk of the material. 

I. INTRODUCTION 

R ECENTLY, interest has been centered on the 
amplification of acoustic waves via their interac­

tion with conduction electrons in semiconductors and 
semimetals.1-5 The amplification occurs when there are 
dc electric fields present which give the conduction elec­
trons a net drift velocity, Vd, in the direction of propaga­
tion of the acoustic wave which exceeds the sound veloc­
ity 5. Since the presence of the dc electric field has such 
a strong effect on the electron sound-wave interaction, 
it is of interest to see whether dc electric fields will also 
alter measurably the velocity of sound. 

The effect of the interaction of the conduction elec­
trons and the sound wave on the velocity of sound has 
been calculated by several authors6-9 in the absence of 
dc electric fields. However, most of these calculations 

1 A. R. Hutson, J. H. McFee, and D. L. White, Phys. Rev. 
Letters 7, 237 (1961). 

* W. P. Dumke and R. R. Haering, Phys. Rev. 126, 1974 (1962). 
8 A. M. Toxen and S. Tansal, Phys. Rev. Letters 10, 481, (1963). 
* H. N. Spector, Phys. Rev. 127, 1084, (1962); 130, 910 (1963); 

131, 2512 (1963); 132, 522 (1963). 
«S. Eckstein, Phys. Rev. 131, 1087 (1963). 
•N. Takimoto, Progr. Theoret. Phys. (Kyoto) 25, 327, (1961). 
7 M. J. Harrison, Phys. Rev. Letters 9, 299, (1962). 
* J. J. Quinn and S. Rodriguez, Phys. Rev. Letters 9,145 (1962). 
9 S . Rodriguez, Phys. Letters 2, 271, (1962); Phys. Rev. 130, 

1778 (1963); ibid. 132, 535 (1963). 

[Note added in proof. The observation of a two-
quantum absorption spectrum employing a high-inten­
sity laser and a low-intensity variable-frequency in­
coherent light source in an experiment of the type 
suggested in this paper has been performed by J. J. 
Hopfield, J. M. Warlock, and Kwangjai Park, Phys. 
Rev. Letters 11, 414 (1963) in KL] 
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are only valid in metals where all the atoms are ionized. 
This is because they all depend upon the calculation of 
dispersion relations for the self-consistent electromag­
netic field which is generated by the passage of the sound 
wave. In nonpiezoelectric semiconductors and semi-
metals, on the other hand, only a very small number of 
atoms are ionized and the major interaction between 
the conduction electrons and the sound wave is via de­
formation potential forces. These forces arise from the 
deformation of the electronic energy bands resulting 
from the passage of the sound wave. In this paper we 
will consider the interaction between the carriers and the 
sound wave as arising solely from the deformation 
potential. 

In Sec. II, we shall develop a formalism for treating 
the influence of the electron-phonon interaction on the 
propagation of sound waves, which is valid both for 
extrinsic semiconductors and semimetals. In Sec. I l l 
and IV we shall treat, respectively, the cases of an ex­
trinsic semiconductor in the presence of a dc electric 
field and of a semimetal in crossed electric and magnetic 
fields. In Sec. V we will discuss the possibility of ob­
serving the effects calculated in the paper. 

II. GENERAL THEORY 

We consider a longitudinal acoustic wave propagating 
in the x direction of a medium and we define a strain S, 
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A study is made of the effect of a dc electric field on the velocity of sound in semiconductors and semi­
metals. I t is shown that the velocity of sound as a function of a dc field has either a maximum or minimum 
value at fields such that Va — S. The particular cases studied are for acoustic waves propagating in an ex­
trinsic semiconductor in a dc electric field and in a semimetal in crossed dc electric and magnetic fields. 



(a) 

I""IG. 3. Correlation be­
tween the emission of CdS 
at 123°K and the exciting 
ruby laser. In each figure 
the upper trace is the laser 
signal and the lower trace is 
the fluorescence signal; (a) 
emission at 4 9 9 0 A, hori­
zontal sweep 100 /^sec/cm; 
(1)) same as (a) except for a 
larger time constant in de­
tecting circuits; (c) same as 
for (a) but with horizontal 
sweep of 5 psec/cm; (d) 
emission at 5100 A same 
time constant as (a) but 
with horizontal sweep of 
5 usec/cm. Note the perfect 
time correlation in (c) for 
exciton recombination and 
the slightly delayed elec­
tron-impurity emission in 
(d). 
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