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at the spin-resonance frequency in Insb
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Using two CO2 lasers operating at frequencies col (=1075.98 cm ') and ~2 (=973.30 cm '),
respectively, we have studied the stress-induced electric dipole spin-resonance contribution to the
second-order nonlinearity P' ' in n-type InSb (n, =5)&10' cm ) at 1.8 K via far-infrared (FIR)
generation at to3=co& —F02. With nniaxial stress X parallel to the magnetic field B~ ~[1 1 1], propaga-
tion vectors k,

f [k2[fk3( /[110], and polarization vectors Eq
f [ [112]and E2(

/
[111],we observe FIR ra-

diation with E3~ ~B at X=O. For X&0, we observe additional radiation with E,j.B, confirming the
electric dipole contribution g' '. We have also observed a stress-induced decrease in the electron g
factor, in agreement with calculated values.

I. INTRODUCTION

A number of experimental and theoretical studies have
investigated far-infrared (FIR) generation by difference
frequency mixing via spin-flip transitions in n-type
InSb. ' In the presence of a material excitation the
second-order nonlinear susceptibility 7' ', which charac-
terizes the nonlinear interaction of the two pump beams at
frequencies co& and coz to produce FIR output at
c03—co $ co2 exhibits resonance when co3 is equal to the
frequency of the material excitation. Further, X' ' is pro-
portional to the matrix element of the interaction Hamil-
tonian connecting the initial and final states. Using the
magnetic dipole interaction for the spin-flip FIR, Shen
calculated the resonance in J' ', in excellent agreement
with results of Nguyen and Bridges. Recently, it was
shown by Trebin et al. that uniaxial stress mixes the
wave functions of the n = 1 Landau level with those of the
n=0 Landau level, thereby making the spin-flip transi-
tion "electric dipole allowed. " Since the matrix element
for the electric dipole transition is typically orders of
magnitude larger than that for the magnetic dipole transi-
tion, we would expect much larger P' ' for the electric di-
pole case.

In this paper we present results for the stress-induced
electric-dipole-allowed FIR generation in n-type InSb.
Experimental details are given in Sec. II. In Sec. III a
brief outline of the theoretical background pertinent to
our experimental arrangement, where the stress X is paral-
lel to the magnetic field B~ ~[111], is presented. The ab-
sorption coefficient a as well as X' ' is calculated. Taking
into account the linewidth and the phase mismatch, the
FIR output power P is deduced. Comparison of the

calculated and observed values for P, discussed in Sec.
QP3 0

IV, yields a value for the interband strain matrix element
C2. This value of C2 is found to be smaller than those re-
ported earlier. Also, changes in the g factor with uni-
axial stress are observed and theoretically explained.

II. EXPERIMENTAL

Two CO2 transversely excited atmospheric (TE&) lasers
operating at frequencies co

&
——1075.98 cm ' and

co2 ——973.30 cm ' are used to generate FIR radiation at
co3 ——co~ —m2 ——102.68 cm '. The input beams are cross
polarized and propagate along a [110]crystal axis which
is labeled x'. They are combined using a ZnSe beam
splitter and focused on an InSb sample situated at the
center of a superconducting magnet. The magnetic field
B is parallel to a [111]crystallographic direction which is
labeled z' axis. The electric vectors E~ and E2 of the in-

put beams are parallel to y't~[112] and z' axes so that
E,lB and E2~ ~B. The sample with donor concentration
n, =5&10' cm is held between the stainless-steel cups
at the bottom of a stress cell. ' By pumping on the liquid
helium surrounding the sample, the sample temperature is
maintained at —1.8 K. The uniaxial stress X is applied
along the direction of the magnetic field. Typical sample
dimensions were 3X8X 15 mm . The sample faces were
polished using 0.25-pm diamond paste. Care was taken to
polish the ends of the sample so as to achieve uniform
stress; th'is allowed us to apply stresses up to -4 kbar.
Two quartz windows are used to filter out the CO2 radia-
tion and allow the FIR to pass through. A "pile of
plates- polarizer, ll consisting of 12 sheets each of 20- and
30-pm-thick polyethylene, is used to study the polariza-
tion E3 of the FIR output, using a Ge:In photoconductive
detector.

III. THEORETICAL BACKGROUND

Theoretical aspects of the band structure of InSb in the
presence of uniaxial stress have been analyzed by Trebin,
Rossler, and Ranvaud. Taking into account the I 6 con-
duction band and the spin-orbit-split I 8 and I"7 valence
bands, the matrix Hamiltonian has the block form

Hcc H„Hcs
Huc Hvv Hvs

H„H,„H„
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where H„, H„„, and H„are 2)&2, 4&4, and 2X2 ma-
trices describing the I 6, I 8, and I 7 bands. H„and H„
represent the interactions of the I 6 conduction band with
the I 8 and I 7 valence bands. H„, is the interaction be-
tween I 8 and I 7 bands. These matrices are explicitly
given in Table IV of Ref. 6. In a first approximation H,„
is neglected and the Schrodinger equation for the
conduction-band envelope functions reduces to a matrix
equation

1

( —E+Hp+Hx) ~ =0,

with

(7b)

(7c)

lG 1
C) =— (7d)

In order to calculate the absorption coefficient associated
with the magnetic dipole (X=O) and the stress-induced
electric dipole transitions we start with the equation

where

p2
Ho ——

3

2 1

Eg+E Eg +6+E
1 1 e

Eg+E Eg +6+E
is the strain-independent part and

r

Hg ———,PC2
Eg+E Eg+6+E

(2)
e

HED —— A .P,
fPl

(9)

where A is the vector potential of the radiation field.
For the magnetic dipole transition, the corresponding per-
turbation is

where N(cp) is the photon flux at frequency co, I is the
half-width at half-maxima for the absorption line, and H'
is the amplitude of perturbation due to the electromagnet-
ic radiation. For the electric dipole case

x [cr„(e~k,—e„sky)+c.p. ] (3)
1

HMD pg I B~ ~co ~ (10)

is that part of the strain-dependent perturbation which
causes wave-function mixing. Here p and C2 are the in-
terband matrix elements for momentum and strain opera-
tors, respectively, k is the momentum operator, Eg is the
band gap, 6 is the spin-orbit splitting of the valence band,
o. is the Pauli spin matrix 6~ Ezy etc. are components of
the strain tensor, and c.p. denotes cyclic permutations.
H~ causes mixing of the wave functions of the Landau
subbands. Using first-order perturbation theory, the en-
velope wave functions of the Landau levels can be deter-
mined. In particular, for Bi IXI I

[111],Eq. (3) reduces to

0

8 being the magnetic field associated with the radiation
field. Using Eqs. (8) and (9) the absorption coefficient as-
sociated with the electric dipole spin resonance is

4mn,
CXED(CO) =

4vrepkc iI(m *)~cp

x 1&f~ I

p'e I» & I

'
(cp —cog) +I ED

where e is a unit vector along the electric field E of the
radiation, m ' is the effective mass of the conduction elec-
tron, and n~q is the refractive index. Assuming e is
along the x' axis,

Hx =;gk (4)
p e= (k++k ) .

2
(12)

where

id 41
Z E1 0

(6a)

(6b)

where g and 4 represent spin up and spin down, respec-
tively, Pp and Pi are the unperturbed (i.e., zero stress) en-
velope wave functions for the n=O and n = 1 Landau lev-
els, and I =~A'/e8 is the magnetic length. From Eqs.
(6a) and (6b) it follows that

d = 'PCi —— S44 X
Eg +E Eg +5+E 6

and k+ ——( I /W2)(k„+i' ) The envel.ope wave functions
of the n=0 Landau levels are

Substituting Eq. (12) into Eq. (11) and using Eqs. (7a) and
(7b), we get

aED(co) = 4~n, m,
4rrepfie il(m *)~cp

~ED
X 2 2(co —co& ) + I ED

~s 2 (13)

where ci is given by Eq. (7d) and m,*=
I
2m/g*

I
is the

effective spin mass. Similarly, one can show that the ab-
sorption coefficient for magnetic dipole spin resonance for
the polarization e along the z' axis is given by

2e2 ~ne& ~
(14)

4''epfic (m,*) c (cp —cp, )~+ I MD

&f, ik if, )=0, (7a)
The ratio of the peak values of aED and o.MD is obtained

from Eqs. (13) and (14) as
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aqD(co, )

aMD(COs )

m, m c IMD
Ic, I'. (15)

%co, I

aED(co ) , I MD(X =o)=5.65&& 10'(C,X)'
aMD(cos» =o) I ED

(17)

Considering beth the phase mismatch and absorption, the
FIR power is given by'

1+e —2e cos(b.kL )

(b,kL) +(baL/2)
(18)

where L is the length of the crystal along the direction of
propagation, and

k =ki —kz —k3

Ao;=a) —az —o3 .

(19a)

(19b)

Here the subscripts 1, 2, and 3 refer to the frequencies coi,
co2, and co3, respectively. When ai ——az-0 (as is the case
in our experiment), b,a= —a3 ———(a" +a'), where a" is
the free-carrier absorption and a' is either o.'ED or o.'MD as
the case may be. In order to calculate Ak and o." we
consider both the phonon and free-carrier contributions to
the refractive index. '6 Assuming that n" =20 cm ' for
E3IIB we find that for 8=53 kG, bkMD ———7.5 cm
and a" =20 crn ' for the magnetic-dipole-allowed FIR,
whereas b,kED ———43.4 cm ' and a" =3.0 crn ' for the
stress-induced electric-dipole-allowed FIR. Using these
values of Ak and a" along with L=0.3 cm and
aMD ——0.188 cm ' at X=O (as discussed in Sec. IV), the
ratio P„, (X)/P, (0) can be easily calculated.

IV. RESULTS AND DISCUSSION

Figure 1 shows the FIR output P„, as a function of B.
For X=O and E3I IB, a sharp resonance in P„ is observed

at B=52.57 kG. No such resonance is seen for E3lB, as
expected for the magnetic-dipole-allowed transitions. The
half-width at half-maxima of this line is 0.085 kG, in
good agreement with that observed in the transmission ex-

Following the analysis outlined by Shen, we can calcu-
late the 7' ' due to the electric and magnetic dipole spin-
resonance transitions. Assuming that the input fields E&
and Ez are along the y' and z' directions, respectively,
with the input and output beams propagating along the x'
direction, we obtain

I
&E'D

I
aED(~s)

(z) 2 (16)
I &MD

I

'

Thus it would be useful to estimate a value for
aED(cos)/aMD(co, ), using the known values of the parame-
ters appropriate for InSb. With P =9.0&10 eVcm
(Ref. 12), Eg ——0.235 eV, b, =0.803 eV (Ref. 13), and
S44 ——3.18 && 10 /kbar (Ref. 14), Eq. (5) gives d /X
=2.56)&10 ' Cz. Taking 8=53 kG, E( —Eo—0.047
eV, Eq. (7d) then yields

I
ci

I

/X=4. 9X10 C2/kbar.
Using this value of

I
ci

I
/X along with

I

g"
I
=41.8 and

m =0.015m, Eq. (15) gives

3
CL .
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FIG. 1. Far-infrared popover I' as a function of magnetic
3

field BI I[ill] for n-type Insb (n, = 5&&10" cm 3) at 1.8 K
with uniaxial stress X

I I
[111]. (a) X=O, FIR polarization

E3IIB; (b) X=1.12 kbar, E3J.B; (c) X=1.67 kbar, E3lB; (d)
X=2.24 kbar, E3lB.

periments. ' It it interesting to note that the line exhibits
pronounced asymmetry, clearly evident in the inset of Fig.
1. Such asymmetry is in qualitative agreement with the
theoretical predictions of Yuen et al. ' in terms of the
collision-broadened density of states in a magnetic field.
The FIR output for E3lB is shown in Fig. 1 for X=1.12,
1.67, and 2.24 kbar. For the X&0 data, we note (i) the
peak of the resonance shifts to higher 8 with increasing
X, indicating a decrease in the g factor, (ii) the linewidth
(half-width at half-maxima) of the peak is -0.9 kG for
0.5 (X&2.24 kbar (this may arise from the decrease in
the spin-relaxation time due to the stress-induced mixing
of the wave functions), and (iii) a new feature, indicative
of a second resonance, is observed; the two resonance
peaks probably correspond to the free and the impurity-
bound electrons. '

We wish to point out that for the geometry of this ex-
periment, i.e., B

I I
[111],the inversion-asymmetry-induced

electric dipole spin-resonance transition is not allowed in
the longitudinal Voigt (E

I I
B, i.e., m polarization)

geometry. ' Thus for E~IIB we attribute the observed
FIR radiation at A@3——m, to the magnetic-dipole-allowed
spin resonance. No FIR radiation was observed for E3J B
at X=O; this implies that the contribution of asymmetry-
induced electric dipole spin resonance is negligible for the
sample geometry used in this experiment.

Using the observed value I MD(X =0)=0.085 kG,
m,*=2m/g*=0. 048m, n, =5)&10' cm 3, ri=4.08, and
i)tco, =102.68 cm '. Equation (14) gives aMD(co„X =0)
=0.188 cm '. With these values of I'MD(X =0),
aMD(co, X =0), and I'ED ——0.9 kG, Eq. (17) yields
aED(co, ) = 1.00( CzX) cm '. For these values of
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FIG. 2. Far-infrared power as a function of X . The solid

line is the least-squares fit to the data shown by dots.

FIG. 3. Change in the electron g factor kg* as a function of
stress. The solid circles and triangles are experimental data.
The solid line is the calculated curve.

bE, =Dd(S))+2S)p)X, (20)

aMD(co„X=O) and aED(co, ), and the observed value of
P„, (2.24 kbar)/P„, (0)=1.3, we obtain

~
C2

~

=1.0 eV.

This is smaller than the value of 1.6 +0.5 eV obtained by
measuring the absorption coefficient for the stress-
induced electric dipole spin-flip resonance.

The important source of error in our measurement of
~

C2 f are as follows: (i) The error in the observed value
of P, /P„ is estimated to be +20%, which corre-

sponds to a +10% error in the value of
I

C2 ~. (ii) It is
known' ' that in the longitudinal Voigt configuration,
E~ ~B~

~
[111],the inversion-asymmetry-induced electric di-

pole spin resonance is not allowed. However, misorienta-
tion of —1' could result in an absorption coefficient of
-0.02 cm ', which is —10%%uo of aMD. The misorienta-
tion results in a lowering of the observed value of

~

Cz
~

.
(iii) The uncertainty in the calculated values of AkMD and

We estimate the overall error of +30%, so that

~
C2

~

=1.0+0.3 eV.
Figure 2 shows the peak value of the electric dipole

FIR power output as a function of X . The observed X
dependence of FIR power output is consistent with our
calculations.

Figure 3 shows the stress-induced decrease in the g fac-
tor. The solid circles and triangles represent the experi-
mental data for the peaks at higher and lower magnetic
fields, respectively. It should be pointed out that for the
geometry used in Ref. 7, X~~[110] with B~ ~[112], the
stress dependence of the g factor was found to be small,
both experimeritally and theoretically. The observed
stress-induced decrease in the g factor for our geometry
X~ (B~

~
[111]can be calculated by considering the shifts in

the conduction- and valence-band edges. For X~~[111],
the energy shift for the conduction band is given by

where Dd is the hydrostatic deformation-potential con-
stant of the conduction band; S~~ and S~q are the compli-
ance constants. The corresponding shift for the valence
band is

~&U = [Dd(Sii+2Si2)+ 3 DuS~]X (21)
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where Dd and D„' are the hydrostatic and shear
deformation-potential constants for the valence band,
respectively. The second term in Eq. (21) represents one-
half of the stress-induced splitting of the MJ ——+ —, and
+ —, states. By including these terms along the diagonal in

the H«and H» matrices of Eq. (-1), we have calculated
g* as a function of stress, using the Pidgeon and Brown
model. ' The solid line in Fig. 3 represents these calcula-
tions, using ' Dd —Dd ———7.0 eV, D„' =4.10 eV,
S~~ =2.261 X 10 /kbar, S~2 ———0.764X10 /kbar, and
S44 ——3. 180&& 10 /kbar. The results in Fig. 3 are in good
agreement between calculated and observed values of the
stress-induced changes in g*.
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