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Using 7, leads to N, =4%10° sec ™! for the pho-
ton arrival rate. The same quantity can be cal-
culated theoretically as®

N, =5127%hcd,s? sin®6P, L csc(@, + ¢,)AX Aa,/
n,m,A %2, =8.0X10° sec 7%,

in reasonable agreement with experiment. Here
dgse is a nonlinear coefficient of the crystal, 6 and
¢ are internal angles, and A, is the angle sub-
tended at the crystal by detector 1.

This experiment has only set an upper bound
on 7., the deviation from the coincidence condi-
tion, Eq. (1). Presumably, a photon can be no
better localized in time than the inverse of its
bandwidth. Thus the theoretical lower limit of
T¢ is the inverse of the smaller bandwidth A),
=1.5 nm, or T,=2X107!3 sec. One might possi-
bly expect that 7, is related to the coherence
time of the pump laser. The He-Cd laser oscil-
lates in about 15 longitudinal modes, with a total
bandwidth about 10° Hz, corresponding to 7, =2
X1071° sec, which is still too small to observe
in the present experiment. With a single-mode
laser, a coherence time >100 nsec is possible,
so that one would expect a much smaller coinci-
dence rate if 7, were really determined by the
pump coherence time.

The expected accidental coincidence rate is

(Rg(ace))=T,(R,R,)
=74(R){R,)+ Tc(AR,AR,) (4)

(with backgrounds now included in the R’s). Eq.
(4) has been checked in the experiments of Figs.
2(b) and 4, where R, and R, are kept constant but
Eqgs. (1) and (2) are violated in order to eliminate
real coincidences. In both cases R, falls to a
low level consistent with the first term on the
right-hand side of Eq. (4), without any need to in-
voke the last term, which might arise from fluc-
tuations of pump power. For large 7, (R (acc))
was measured more accurately at higher R, and
R,, and agreed with 7,(R,){R,) within 10%. The
same formula was also verified with a dc-pow-
ered incandescent light source. In summary, the
maximum observed real coincidence rate was at
least 100 times any unexplained residual coinci-
dence rate. -

The authors thank N. Knable for encourage-
ment and cooperation, and G. Schappert, E. Sa-
rachik, and B. Mollow for helpful theoretical dis-
cussions.
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FAR-INFRARED OBSERVATION OF ELECTRIC-DIPOLE-EXCITED ELECTRON-SPIN RESONANCE
IN Hg, _,Cd,Te
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Naval Research Laboratory, Washington, D. C. 20390
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Electric~-dipole—excited conduction-electron spin resonance has been observed for the
first time in the far infrared in the II-VI semiconductor Hg;.,Cd,Te. Circular polariza-
tion and intensity studies as a function of magnetic field unambiguously identify this tran-
sition. Electron g values are obtained for the L =0 Landau level at several magnetic

fields.

We report in this Letter what we believe to be
the first observation of the electron-spin reso-
nance transition excited by electric dipole radia-
tion in a semiconductor in the far infrared.

A number of years ago “combined resonance”
transitions, i.e., electric-dipole-excited transi-
tions involving a change in the spin state of the
carriers, were theoretically predicted for semi-

conductors with large spin-orbit interaction ei-
ther having a small energy gap"? (the nonpara-
bolicity mechanism) or lacking a center-of-inver-
sion symmetry** (the inversion-asymmetry
mechanism).

Reported experimental observations of electric-
dipole—excited transitions involving a spin flip
thus far include the pure spin-flip transition (AL
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=0, AS=-1) for InSb in the microwave region,®
and the spin-flip plus cyclotron transition (AL =1,
AS =-1) for InSb®7 in the infrared. Here L is the
Landau quantum number and S is the spin quan-
tum number. The latter measurements demon-
strated conclusively that the nonparabolicity
mechanism is the dominant one for small-gap
semiconductors. In addition there have been re-
ports of spin-flip plus cyclotron combined reso-
nance transitions in the stressed valence band of
Ge.®?®

Hg,.,Cd,Te is an excellent material for the
study of combined resonance. For x>0.16 this
alloy system has the InSb-type band structure
with the conduction and valence bands of interest
at the T point of the Brillouin-zone center. For
x <0.16 the conduction and valence bands are in-
verted forming a zero thermal-energy-gap struc-
ture as in gray tin.'® The energy gap for the al-
loy composition studied here (x =0.193) is of the
order of 60 meV. A rough calculation indicates
that combined resonance should be approximately
150 times stronger in this material than in InSb
at the same magnetic field and carrier concentra-
tion.

The theory for the nonparabolicity mechanism
predicts a transition at the spin resonance ener-
gy hv (AL =0, AS=-1) which for materials hav-
ing an InSb-type conduction band is allowed only
for right-circular polarization,®i.e., the cyclo-
tron-resonance inactive polarization. For a de-
generate electron gas of low concentration (all
electrons in the lowest Landau level with spin up),
the integrated absorption for this transition is

3278\ P|*cr[ 1 1

given by
2N3
(@AB)y-p=""30, LEgz‘(Eg+A)2]’E’ @

where P is the conduction-valence-band momen-
tum matrix element, E, is the energy gap, A is
the valence-band spin-orbit-splitting parameter,
n is the index of refraction, N is the carrier con-
centration, and B is the magnetic field. The con-
dition that all electrons be in the lowest energy
level is approximately satisfied in our sample for
the magnetic fields at which the transition was
observed. The zero-field Fermi energy for this
sample is estimated to be 10-11 meV at 4.2 K.

At 7 kG (the lowest field at which the transition
was observed) the energy of the L =0, spin-down
Landau level is calculated to be approximately

10 meV. Hence there may be some population of
the upper spin state at this field. This is, in
fact, indicated by some of the measurements to
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be discussed.

The sample used in these experiments has an
electron concentration of about 3.4 X 10'® ¢cm ™2
and a mobility of 2,7 x10° cm?/V sec™? at liquid-
nitrogen temperature.’’ The sample thickness
was 0.76 mm. A rather unique dual-beam,
pulsed, water-vapor laser!? was used as the
source of far-infrared radiation. This system
provides numerous relatively intense lines through-
out the infrared. Further details of this system
will be published elsewhere.!® Light-pipe optics
were used with the sample placed in the Faraday
(longitudinal) configuration in helium exchange
gas at the center of the bore of a Nb-Sn supercon-
ducting magnet capable of 95 kOe. The magnetic
field was measured with a copper magnetoresis-
tance probe calibrated by NMR.

The most crucial part of the experiment con-
sisted of determining the polarization properties
of the observed line. As indicated by the pre-
ceeding discussion, the electron-spin-resonance
line is allowed only for right-circular polariza-
tion. In order to perform polarization studies,
quartz plates were fabricated of the proper ori-
entation and thickness to function as quarter-
wave plates at 119 and 220 pm. Circular polar-
ization was obtained by using these quarter-wave
plates with a linear polarizer oriented at 45 deg
with respect to the optic axis. These units were
placed in the light pipe immediately before the
sample at liquid-helium temperature. The sense
of circular polarization was reversed by simply
reversing the direction of the applied magnetic
field. The degree of polarization and its sense
were determined at both wavelengths by observ-
ing cyclotron resonance in InSh.

The results of the circular polarization study
at 118.6 um are shown in Fig. 1. The upper
trace of this figure shows the relative transmis-
sion as a function of magnetic field for the cyclo-
tron-resonance inactive polarization (CRI) (right-
circular polarization in the convention of Refs.

2 and 7). The lower trace of the figure shows the
transmission for the cyclotron-resonance active
polarization (CRA) (left-circular polarization).
The monotonically increasing background in these
figures is due to a combination of plasma and cy-
clotron-resonance effects. There is a strong ab-
sorption line appearing in the CRI polarization
but essentially nothing in the CRA polarization.
Similar results were obtained at 220 um. This
is strong evidence that the observed line is in-
deed electric-dipole—excited electron spin reso-
nance. The fact that the line occurs only for the



VOLUME 25, NUMBER 2

PHYSICAL REVIEW LETTERS

13 JuLy 1970

CRl"“_Y

o

<a‘CRA

N o8 OO N O

Transmission (arb. units)

L 1 .1
O %o 1214 1618

B(kG)
FIG. 1. A plot of relative transmission at 4.3°K for

the observed line for two opposite circular polariza-
tions, CRI and CRA. The laser wavelength is 118.6 pm.

CRI polarization shows conclusively that it can-
not be due to spin-down cyclotron resonance in
this extremely nonparabolic conduction band.*

Further evidence that the observed transition
is electron spin resonance excited by electric
dipole radiation is provided by a study of the
magnetic field dependence of the intensity of this
line. The product of the peak absorption con-
stant o times the full width at 3 peak absorption
AB is taken as a reasonable measure of the in-
tegrated absorption which can be compared with
the theoretical prediction of Eq. (1). A plot of
aAB is shown in Fig. 2 for data taken at three
different laser wavelengths. Certainly to well
within experimental error the two lowest points
fall on a straight line drawn through the origin
as indicated in the figure. This is in agreement
with the theoretical predictions of Eq. (1). There
appears to be a “tailing off” of the integrated ab-
sorption at 220 um. This is consistent with a
partial population of the upper spin state which
reduces the intensity.

It is of interest to compare quantitatively the
calculated and experimental integrated absorp-
tion. At A=118.6 um the line occurs at a mag-
netic field of 13.5 kG. Assuming a helium-tem-
perature carrier concentration of 2.3 X 10 c¢m 73,
the calculated value of @ AB at this field from Eq.
(1) using A =0.96 eV, E,=0.056 eV, and E ,=712P?%/
2m =18.5 eV is given by (@AB)yp=38 cm ™! kG;
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FIG. 2. Integrated absorption (@ AB) obtained at three
laser wavelengths versus 1/B. The solid straight
line is drawn for reference purposes.

0.2C

the measured value is about 12 cm ™! kG, a rea-
sonable agreement. The parameters for the cal-
culation were obtained as indicated below.

From the peak positions of the electron-spin-
resonance line we can obtain the effective g val-
ue of the lowest Landau level as a function of
magnetic field from the usual expression kv (0)
=g(0)BH, where B is the Bohr magneton. The g-
value results are plotted versus magnetic field
in Fig. 3. In obtaining these points no correction
was made to the line positions to take account of
any possible plasma effects. It does not appear
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FIG. 3. g value of the L =0 Landau level g (0), plotted
increasing negatively downward, versus magnetic
field. Open circles: experimental points; solid line:
fit to Bowers and Yafet theory with the parameters
indicated.

89



VOLUME 25, NUMBER 2

PHYSICAL REVIEW LETTERS

13 Jury 1970

that plasma effects are important for spin transi-
tions since the only possible coupling is via the
spin-orbit interaction which is relatively weak.
This assertion is substantiated by the microwave
measurements of electron spin resonance in
InSb.>!* Both these measurements were per-
formed in the presence of strong plasma-shifted
cyclotron resonance, and no effects of the plas-
ma on the spin lines were observed. Figure 3
also shows, as the solid line, the g value calcu-
lated from the theory of Bowers and Yafet.'® The
parameters in this theory, E,, A, and Ep, were
obtained as follows: A and E , were obtained
from a fit to cyclotron-resonance and combined-
resonance (AL=1, AS=-1) data taken on a sam-
ple having x =0.203'7; the energy gap was then
adjusted to provide a fit to the transition at 53.6
kG. The resulting calculated curve shows a sig-
nificant deviation from the experimental point at
T kG, the calculated £ values being larger in ab-
solute magnitude., This discrepancy can be at-
tributed to partial population of the upper spin
state of the lowest Landau level as indicated by
the intensity studies and the estimate of the Fer-
mi level. Calculations show that partial popula-
tion of this level, occupying states away from k&,
=0, can account for a shift to lower energy in the
observed transition energy due to the large non-
parabolicity. This shift, which results from
blocking of transitions at and near k,=0, is of
the correct order of magnitude to account for the
apparent discrepancy in the & value. In the limit
of very low magnetic fields the measured g value
is that at the Fermi energy. This is also consis-
tent with observations of the linewidth which
showed a decrease of more than a factor of 1.5
for this lowest field line compared with the line
at 13.5 kG.

The authors would like to express their grati-

90

tude to Professor R. N. Dexter of the University
of Wisconsin for making these experiments possi-
ble through the loan of the excellent Hg, _,Cd,Te
samples which were originally grown by Honey-
well, Inc. We would also like to thank Dr. M. A.
Kinch of Texas Instruments, Inc., for suggesting
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transition.
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