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The Overhauser shift of the electron spin resonance due to the natural nuclear polarization at liquid-
helium temperatures has been used to measure the conduction-electron density at the nuclei in n-type 
InSb. The results are: |*(JRm) | 2 = (9.35±1)X1025 cm"3, and |^(i?Sb) IVIlK^m) |2=1.70±0.1 indicating 
that the electron is equally shared between the In and Sb ions. This is discussed in relation to the chemical 
bond and effective charge. Hot-electron effects in relation to nuclear polarization and the Overhauser effect 
are presented. 

INTRODUCTION 

THERE have been several magnetic resonance 
studies on the semiconductor InSb. Nuclear cou

pling by indirect exchange,1 electrical field gradients 
caused by impurities,2 or external stress3 have been 
studied by nuclear resonance, as well as relaxation by 
quadrupolar interactions.4 Following magneto-optical 
studies,5 the absolute value of the electronic g factor 
(g* « — 50) and its variation with the Fermi level in the 
conduction band were measured by electron spin reso
nance6 (ESR); the sign of g* given by theory was con
firmed by a study of the Overhauser shift of the ESR7,8 

and, later, by other experiments which also ascribed a 
partial electrical-dipole character to the spin transition.9 

A nuclear polarization was achieved by electrical heat
ing of the kinetic energy of the electrons in a high mag
netic field10 and a study by ESR of the heating in low 
magnetic field has been reported.11 

InSb is well suited for Overhauser-shift experiments, 
because of the strong hyperfine interaction, due to the 
high atomic numbers of the atoms involved; the narrow 
electron spin resonance can be shifted appreciably by 
the natural polarization of the nuclei in a 10-kG field at 
liquid-helium temperatures. 

In the present experiments we have determined the 
electron densities | x//(Rin) |

2 and | \(/(Rsb) |2 for the bottom 
of the conduction band, at the In and Sb nuclei, by the 
Overhauser shift. The field in which ESR is observed is 
chosen high enough (500 G) for thermal mixing between 
different nuclear-spin species to be very small during the 
measurements. We have compared our values of | ̂ (R) \2 
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with those for the free atoms and tried to relate the 
data to estimations based on current conceptions of the 
chemical bond in this compound. 

An enhanced nuclear polarization would have been 
helpful for the measure of the \\f/(R) |2. Using a dc elec
tric field, the polarization by hot electrons, first ob
served by Clark and Feher,10 has been obtained. How
ever, this polarization is not homogeneous in our sample, 
which makes it unsuitable for the electron-density meas
urements. The electrons have also been heated by a 
microwave electric field; as with a dc field, the polariza
tion is inhomogeneous. The microwave heating will be 
discussed in relation to polarization of the nuclei by the 
Overhauser effect.12 

1. THE HYPERFINE INTERACTION 

The hyperfine interaction in the case where the g fac
tor of the conduction electrons is large has been cal
culated by Yafet.13 The large effective magnetic moment 
g*/3 can be attributed to orbital currents spread over 
regions larger than the unit cell, which couple to 
an average value of the magnetic field. In the same 
way, they couple to an average value of the magnetic 
field due to the nuclear moment, giving to the hyperfine 
interaction a contribution of the order of g*/3(l/i2)/xn. 
On the other hand, the usual atomic type contribution, 
in which the contact interaction dominates, will be of 
the order of g@\yp(R) \ 2nn, where g has the free-electron 
value. 

Here ft is the Bohr magneton, pn the nuclear moment, 
12 the volume of the unit cell containing one In and one 
Sb ion, and |^(.R) |2 the electron density on the nucleus 
at site R normalized in the volume 12. 

In the case of InSb, the wave function of the elec
trons, at the bottom of the conduction band, is mainly 
j-like. With 12=0.68X10-22cm3 (Ref. 14),|^(i?)|2~1026 

cm~3 (Ref. 1) and g*~ --50 we get for the ratio of orbital 
to contact interaction: 

1 

*ahK29|2i 
*4X10-3. 
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The contact interaction is thus dominant; in the fol
lowing, no other contribution will be retained. 

2. THE OVERHAUSER SHIFT 

The electron spin Hamiltonian is 

«3e=g*i8S.H+-tfEI*Wls<v*>-S 
3 % 

/ 8TT g \ 

Due to the magnetization of the nuclear species i, the 
electron thus "sees" a magnetic field: 

h i =(8T/3)(g /g*)^( i? i ) | 2 (^) , (1) 

where (#»•) = hdyiih) is the mean magnetic moment of 
nuclear species i in the unit cell; d is the isotopic abun
dance, yi the gyromagnetic ratio, (I;) the mean value of 
the nuclear spin15 (Table I) . 

A given (JU^) along the direction of the magnetic 
field H (z axis) will thus give a shift hiz (Overhauser 
shift) of the conduction-electron spin resonance. 

The destruction of (niz) (by saturation of the nuclear 
resonance) will produce a shift-fe from which the 
value of \\f/(Ri) | 2 can be evaluated. The determination 
of the \\^(Ri)\2 is possible only if one can saturate 
separately the different nuclear resonances in the mag
netic field H0 corresponding to the ESR. With g* « — 50, 
H0 is 130 G for the 3-cm band, 500 G for the 8-mm band, 
and it is not evident that the different nuclear-spin tem
peratures that occur when the resonance of one species 
only is saturated can be maintained during a time long 
enough to carry out the measure of the shift corre
sponding to the saturated species. I t is shown in the 
Appendix that thermal mixing at 130 G is too fast to 
allow the measurement of the \\p(Ri) | 2 but that no dif
ficulty is encountered at 500 G, and this is the reason 
for operating at this field. 

A possible systematic error must be mentioned: the 
nuclei of Sb and In have appreciable quadrupolar 
moments, and quadrupolar broadening due to crystal 
imperfections might be expected. In an imperfect re
gion of the sample, irradiation at one nuclear resonance 
frequency would then not saturate all the spins of the 
species, but only those that would happen to be in 
states w 2 = ± | , the transition §<-» — h being unper
turbed by the first-order quadrupolar interaction; be
cause of the partial and inhomogeneous saturation, a 
reduced Overhauser shift and a broadening of the esr 
would be observed. Rhoderick2 has measured the 
absolute intensity of the nuclear resonance of In115 in 
monocrystalline undoped InSb, and found it equal to 

" F o r m u l a ' (1) can also be wr i t t en : h{ =(g/g*)(Sir/3)\rP(Ri)\\l 
X ( V i ) l / 0 . T h e dimensionless number \j/(Ri)\2£l is equal to 
|^( i?») | 2 / ( l \M 2) a n d <V»*)/Q is the magnetization (magnetic 
moment per unit volume). 

T A B L E I . Nuclear constants and second 
moments of the resonance lines. 

Nucleus 

In115 

In113 

Sb121 

Sb123 

Isotopic 
a b u n d a n c e % 

95.84 
4.16 

57.25 
42.75 

Spin 

9 
2 
9 
2 
5 
2 

1 

Gyromagnetic 
ratio y 

+5.86X103 

+5.84X103 

H-6.40X103 

+3.47X103 

(Aco2)1'2 

(rad/sec) 

29X103 

51X103 

28X103 

0.8±0.1 of the calculated value, indicating some quad
rupolar effects. However, these may be unimportant in 
our experiments, for two reasons. First, those nuclei 
whose energy levels are quadrupolarly displaced will be 
in strained regions of the crystal; these regions probably 
contribute little to the ESR which, as we have observed, 
is very sensitive to strains; second, the quadrupolarly 
shifted satellites may be spread far enough from the 
center of the line to be unobservable but yet near enough 
to be in thermal contact with the unperturbed nuclei. 

3. MEASUREMENT OF THE OVERHAUSER SHIFT 

Our sample is a 7z-type single crystal (n=2X10u 

cm - 3) isolated from a polycrystalline ingot obtained 
from Ohio Semiconductors. Its size is 2X3X0.2 mm. 
I t exhibits an ESR line for which g* = - 50.7 at 4.2°K. In 
a field Ho = 500 G, its width (peak to peak of the deriva
tive) is 1.8 G. 

The nuclear relaxation times have been measured on 
a large (0.8 cm3) coarsely powdered sample taken from 
the same ingot. The hypothesis of relaxation due to 
fixed paramagnetic impurities and spin diffusion16 

through the indirect interaction gives a magnetic field 
dependence and a value for ri(Sb123)/Ti(Sb121) in good 
agreement with experiment.17 

The observation technique L the same as in Ref. 8. 
After polarizing the nuclei in a high magnetic field 
(9320 G), the field is brought to the ESR value (500 G). 
While observing the ESR we destroy the magnetization 
of one nuclear species by irradiation at its Larmor fre
quency. The resulting shift of the ESR then determines 
\yP(R) | 2 [formula (1)]. The shifts are 0.1 G in order of 
magnitude, and can be measured with a precision of a 
few percent. The necessary sensitivity is achieved by 
the use of a superheterodyne esr spectrometer and 
lock-in detection. 

The sample lies on the end wall of a rectangular 
T E 104 cavity, slit to permit the penetration of the 
nuclear-resonance saturating radio frequency produced 
by an external coil. 

Absolute Value of | ifcCRin) 12 

The temperature of the experiment is 4.2°K. We first 
polarize the nuclei during 24 h in a high magnetic field 

16 P. G. De Gennes, Phys. Chem. Solids 3, 345 (1958). 
17 M. Gueron, Thesis, Paris, 1964 (unpublished). 
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(9320 G) for which the 7 \ of the In spins is 4.2 h. The 
magnetization thus differs by a negligible amount from 
the thermal equilibrium value, and the effect of errors 
in the measure of 7 \ becomes small. The field is then 
brought to the ESR value of 500 G in which T\— 1.3 h. 
While the measurement is being prepared, two minutes 
elapse during which the polarization decreases by 2%. 
To measure the Overhauser shift-h\n created by satura
tion of the In resonance,18 we balance it by sending a 
direct current in the modulation coils, previously cali
brated with a proton-resonance probe. 

From our three best measurements, we extract for 
the value of hin corresponding to thermal equilibrium at 
r = 4 . 2 ° K , in a field # = 9 3 2 0 G: 

fon=-156±15mG. 

Introducing the value of (iJLin) = y%2I(I+l)H/3kT 
= 5.06X10~27 cgs and the value g * = - 5 0 . 7 , Eq. (1) 
gives: 

IlK-Rm) 12= (9.35±1)X 1025 cm"3 (2) 

or | ^ i n ) | 2 O - 6 3 5 0 . 

Ratio of | t K # s b ) | 2 t o \i(Rin)\2 

We could in principle determine | \p(Rsb) |2 by the same 
method as |^( i^ i n ) | 2 ; however, the relaxation times in 
high field are uncomfortably long: « 1 0 h for Sb121, even 
more for Sb123; a more convenient method can be used, 
which also has the advantage of giving directly the ratio 
hsh/hin from which we shall deduce the value of 
r=\}//(Rsb)\ 2/\^(Rin) |2 , a significant parameter in the 
discussion of the results. 

In this experiment, after polarizing the nuclei in a 
high field and before measuring the shifts, we establish 
a common spin temperature among all spins by thermal 
mixing in a low field (50 G). The magnetizations are 
then accurately proportional to clyi

2Ii(Ii+1), where a is 
the isotopic concentration. A check for the mixing in 
low field is afforded by the ratio of the shifts relative to 
Sb121 and Sb123 (Fig. 1). 

E 

BH 

FIG. 1. (a) Derivative of the 
spin resonance of the conduc
tion electrons. # = 500 G. (b) 
The field is set at the value 
corresponding to point A, close 
to the middle of the line. At 
times h, fa, h, an rf field at 
Larmor frequency destroys the 
magnetizations of Sb121, In, 
Sb123, respectively. The shifts 
of the resonance line change 
the level at the recorder. The 
gain is ten times larger than 
in (a). 

L 

No absolute values come in this measurement. I t is 
therefore possible to let the temperature vary during 
the polarization of the nuclei (between 4.2 and 1.5°K) 
and also to accelerate the polarization of Sb121 and 
Sb123 by mixing their spins in a low field with those of 
In, every 2 h for instance. Polarizations corresponding 
for all species to a spin temperature of 4°K are then ob
tained after only 5 h. 

The relative shifts can be measured directly on the 
recordings. From the three best experiments, we get: 

Asbi2i/Ain=0.41d=0.02. 

From Eq. (1), we have: 

[ C 7 2 7 ( / + I ) ] l n Asbm Asbm 
r= = 4 . 1 4 . 

[ > 7 2 / ( / + l ) ] s b l 2 1 fan hln 

This gives 

r=1 .70±0 .1 , (3) 

a value somewhat higher than that deduced by Clark 

lGcuos 

a) 

18 The gyromagnetic ratio of the little-abundant isotope In113 

is very close to that of In115 (Table I) and the two resonance lines 
overlap even in high fields. In the following, we shall always con
sider In113 and In115 as one spin species, denoted In. 

FIG. 2. Derivative of the spin 
resonance of the conduction elec
trons. (a) The nuclei have been 
polarized by "heating" of the 
kinetic energy of the electrons, by 
an electric field, in a high magnetic 
field; the inhomogeneous nuclear 
magnetization shifts and broadens 
the esr. (b) After destruction of the 
nuclear magnetizations, the line 
recovers its initial place and 
width. 

and Feher from their hot-electron experiments: 
r=1.35±0.1. 

4. HOT-ELECTRON EFFECTS 

In InSb, small electric fields can heat the kinetic-
energy distribution of the conduction electrons appreci
ably. In high magnetic fields the nuclei are thereby 
polarized.10 

We have considered the possibility of using the en
hanced nuclear magnetization to increase the precision 
of the \\p(R)\2 measurements. The enhancements were 
measured by the Overhauser shifts and were of 5 to 
10 for In with dc electric fields of ~ 1 V/cm. 

However the nuclear polarization resulted not only 
in an Overhauser shift but also in a broadening of the 
esr. The broadening disappeared after destruction of the 
nuclear polarizations and is attributed to a distribution 
of the Overhauser shifts, reflecting directly the in-
homogeneity of the nuclear polarization (Fig. 2). 

The change of shape of the ESR on destruction of the 
nuclear polarizations made it impossible to use this 
method for a precise measure of the Overhauser shift. 
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We have also heated the electrons by a microwave 
electric field. The sample is placed on the bottom of the 
cavity, exactly as for the observation of the ESR. The 
microwave source is precisely that used for ESR. The 
heating is monitored by the variation of the ESR g factor 
as a function of microwave power. When the kinetic 
energy of the electrons is heated, the ESR is instan
taneously shifted (as with a dc electric field11) because 
of the variation of g* with the wave vector k in the non-
parabolic conduction band (Fig. 3). A detailed study of 
this effect will be published later. 

When the heating takes place in a high magnetic field, 
a nuclear polarization is obtained, inhomogeneous, as 
with a dc field. 

The electric fields arise in connection with the eddy 
currents produced by the microwave magnetic field in a 
sample of thickness comparable to the spin depth 
(<5=2X10~2 cm at 36 kMc/sec). With a resistivity of 
~ 112-cm, a magnetic field of one tenth of a gauss may 
be shown to generate an electric field of approx 1 V/cm, 
corresponding to the absorption of 1 mW in a 10~~3 cm3 

sample. 
Although the electric field is inhomogeneous, the fact 

that the esr is not much broadened upon heating (Fig. 3) 
shows that the temperature of the electrons does not 
vary much over the sample; this can be explained by 
the diffusion of the electrons. 

Lastly, it should be noted that unless extremely small 
samples are used, the (nonresonant) heating of the 
kinetic energy by the microwave electric field will over
come the (resonant) saturation of the spins by the micro
wave magnetic field. Enhancement of the nuclear 
polarization by an Overhauser effect will then be 
hindered; this may explain why attempts to observe this 
effect have up to now been unsuccessful. 

5. DISCUSSION OF THE RESULTS 

At the minimum of the conduction band, located at 
k = 0, the wave function has s symmetry under the rota
tions of the tetrahedral group. Lacking theoretical esti
mates, we approximate it by a linear combination of 
atomic functions cfoain, 05s sb centered on the corre
sponding nuclei in the unit cell: 

^ - ^ [ a 0 5 s i n - ( l - a 2 ) 1 / 2 0 5 s s b ] . (4) 

The coefficient A, whose value is close to 1, normalizes^ 
in the unit cell; a2 and 1—a2 could be considered to ex
press the distribution of the electron between the two 
ions. 

The value of the atomic wave function centered on a 
given nucleus being much higher, at the site of that 
nucleus, than the values of functions centered on other 
nuclei, we get: 

l -a 2 |<K0) | 2
5 sSb 

r = . (5) 
a2 |0(O)|25sin 

FIG. 3. Heating of 
the kinetic energy 
of the electrons by 
the microwave elec
tric field associated 
with the microwave 
magnetic field at the 
ESR frequency. The 
microwave power is 1 
MW at left, 1 mW at 
right. The displace
ment corresponds to 
a kinetic temper
ature of 20°K ( /= 36 _ 
kMc/sec, r= l .S °K) . f| 

l l l l i l ^ l i i l l l l l i l 

By Ref. 1, 

|<K0)|25Ssb=24Xl025cm-3 , 

k (0 ) | 2
5 s i n=16Xl0 2 5 cm- 3 . 

From relations (2)-(6), we get 

a2 = 0.47 and A2 =1.25. 

(6) 

(7) 

The value of a2, close to 0.5, indicates that the electron is 
distributed nearly equally on the In and Sb ions. 

Relation to the Chemical Bond 

We do not know of a theoretical estimation of the 
wave function at the bottom of the conduction band in 
InSb. Such an estimation would necessitate a good de
scription of the valence electrons, which is not available. 
We shall recall the notion of an effective charge e*, 
and its relation to the chemical bond. Next, we present 
experimental determinations of the effective charge 
which suggest that the chemical bond is not far from 
neutral. Lastly we discuss our results in relation to the 
neutral bond. 

(a) The atomic configurations being Ss25p for In and 
5s25pd for Sb, there are eight electrons in the valence 
band per unit cell containing one In and one Sb ion. The 
states of the valence band are built from atomic 5s and 
Sp orbitals of In and Sb. 

The contributions of the In and Sb orbitals to the 
wave function of a given state of the valence band will 
result in a certain spatial distribution of the electron 
between In and Sb. Summing this distribution over the 
states of the valence band, and subtracting the charges 
of the ion cores, one then obtains the total charge e* 
(effective static charge) on the ions. 

The effective charge can be used to characterize the 
chemical bond. If the bond is supposed "covalent" with 
configurations In~5s25^2, Sb+5s25^2, the effective charge 
is e*= — 1 . If the bond is supposed "ionic"' (In3+, 
Sbz~5s25p&), then e * = + 3 . Slater and Coster19 suggest 
that the bond is close to "neutral" (In°5s25^, Sb°5s25^>3), 
with e* = 0, in all the III-V semiconductors. 

19 J. C. Slater and G. F. Coster, Phys. Rev. 94, 1499 (1954). 
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(b) Effective charge values can be measured by vari
ous methods. However, the interpretation of the results 
is a matter of discussion and the concept of an effective 
charge itself is not perfectly well defined. For instance, 
the effective charge derived from the infrared lattice 
reflection may depend strongly on the polarization in
duced by the vibration of the ions. The effective charge 
can also be derived from the static spatial-charge-density 
distribution, measured by x-ray techniques; the value of 
e* will then depend on the choice of the ionic volumes, 
because the electron density does not vanish between 
the ions. 

The infrared data provide only the absolute value of 
the effective charge. From recent experiments,20 using 
a formula due to Szigeti,21 a value of 0.42 is obtained, 
indicating a bond rather close to the neutral bond. This 
is in agreement with current ideas on this compound. 
However, it has been suggested22 that the Szigeti 
formula is not valid in the III-V compounds; a modified 
interpretation of the infrared data is proposed, yielding 
an absolute value of 2.7 for the effective electric charge. 

The x-ray data23 indicate that e* =—0.45, that is, 
there are 3.45 electrons on In, and 4.55 on Sb. These 
measurements, the only ones which give the sign of e*, 
thus suggest a bond intermediate between the covalent 
and neutral. 

(c) From the preceding data a bond close to neutral 
seems a reasonable assumption, although the matter is 
not settled. 

In the Slater and Coster19 picture of the neutral bond 
the states of the valence band are built from bonding 
orbitals, the In and Sb functions contributing in the 
ratio of 3 to 5 (neutral bond); as for the states of the 
conduction band, they are built from antibonding 
orbitals constructed from the same atomic 5s and Sp 
functions so that the In and Sb functions this time con
tribute in the inverted ratio of 5 to 3. 

If the contributions of In and Sb when going from the 
bottom of the valence band to the top of the conduction 
band change from 3:5 to 5:3 in a progressive way, it 
seems reasonable that these contributions be approxi
mately equal at the bottom of the conduction band, as 
we have inferred from the Overhauser shifts. One can 
also remark that if the bond is neutral, the periodic po
tential seen by the conduction electron will be small 
outside the ion cores, so that again an equal distribution 
could be suggested. 

Our results would therefore seem to favor a bond 
close to neutral. However, detailed calculations will be 
necessary before more affirmative statements can be 
made. Starting with a model of the valence band, it 

20 M. Hass and B. W. Henvis, Phys. Chem. Solids 23, 1099 
(1962). 

2 1B. Szigeti, Trans. Faraday Soc. 45, 155 (1949). 
22 M. H. Brodsky and E. Burstein, Bull. Am. Phys. Soc. 7, 214 

(1962). 
2* A. E. Attard and L. V. Azaroff, J. Appl. Phys. 34, 774 (1963). 

should be possible to calculate the \ip(R) |2 ; comparison 
with the experimental values could then shed light on 
the validity of the model, and thus on the chemical 
structure of InSb. 
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APPENDIX: THERMAL MIXING BETWEEN 
THE NUCLEAR SPINS 

Couplings (dipolar, indirect exchange- ••) between 
different nuclear spins may induce thermal mixing by 
mutual flips when resonance frequencies and linewidths 
are such that energy can be conserved in the process. The 
thermal mixing therefore depends strongly on the over
lap of the resonance lines, and consequently on magnetic 
field, line shapes, and linewidths.24-26 

Thermal mixing is possible between In and Sb121 by a 
mutual spin flip because the resonance lines overlap. For 
Sb123, whose resonance frequency is close to one-half 
that of Sb121, the principal mixing mechanism is that of 
simultaneous flips of two Sb123 and one Sb121, as for 
F19 and Li7 in lithium fluoride.25 

Theoretical Estimation of Mixing Times 

A formal expression for the mixing time is given by 
Provotorov.26 I ts numerical evaluation would however 
be quite burdensome, and we will therefore use approxi
mate formulas discussed in Ref. 25. 

The thermal mixing time between Sb123 and Sb121 

would be given by: 

1 1 A2cosb123 f 1 (cosbi21~ 2cosbl23)2l 
- = exp I (Al) 

r T2 co2sb123 L 2 52sb12i+252sb123 J 

and that between In and Sb121 by: 

1 1 r 1 (C0in —C0gb12l)2n 

In these expressions, T2 is a typical inverse linewidth. 

24 N. Bloembergen, S. Shapiro, P. S. Pershan, and J. O. 
Artman, Phys. Rev. 114, 445 (1959). 

25 P. S. Pershan, Phys. Rev. 117, 109 (1960). 
26 B. N. Provotorov, Zh. Eksperim. i Teor. Fiz. 42, 882 (1962) 

[English transl.: Soviet Phys.—JETP 15, 611 (1962)]. 
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TABLE II . Mixing times between Sb121 and Sb123(r) and between 
In and Sb121(r') from Eqs. (Al) and (A2). The first figure is cal
culated with 52=A«2, the second with 52=0.7Aco2. 

Ih (gauss) r(sec) /(sec) 

130 0.5 0.7 2X10-3 3X10-3 
500 105 5X106 36 3500 

The <52 are of the order of the second moments A^2 of the 
resonance lines, (Table I) but could be smaller by 25 to 
50%.25 The dipolar and pseudodipolar contributions to 
the coupling between spins make them anisotropic. 

The main defect in (Al) and (A2) is the lack of pre
cision in the estimate of 82, resulting in a large possible 
error in 1/r, 1 / / . On the other hand, these formulas in
dicate the main features of the mixing: very strong de
pendence on magnetic field and linewidth. 

The values for r and T', calculated from (Al) and 
(A2), are shown in Table II. Two values are given, cor
responding, respectively, to 52=Aco2 and 52=0.7Aco2. 

They suggest that the measure of the separate shifts 
will be impossible at 130 G. They show that at 500 G, 
the shift of Sb123 can be measured with no hindrance due 
to mixing (however, this shift is rather small), and that 
there is a chance that mixing may not prohibit separate 
observation of the In and Sb121 shifts. 

Study by the Overhauser Shift 

The experiments at 130 G in the 3-cm band have been 
reported in Ref. 8. After the nuclei had been polarized 
in a high field, the ESR was observed. The same Over
hauser shift was produced by irradiation at any one of 
the three resonance frequencies of In, Sb121, Sb123; sub
sequent irradiation at the same frequency or at another 
of the three resonance frequencies failed to shift the line 
further, indicating that the different nuclear-spin sys
tems had all been saturated. (When irradiating at the 
Sb123 frequency, a filter was used to eliminate the pos
sibility of a distortion generated second harmonic 
saturating the Sb121 line directly.) 

The rf field could easily be made strong enough to 
saturate the corresponding nuclear resonance in a time 
short compared to the time resolution of our cw micro

wave spectrograph (approx 0.3 sec). The shift was then 
always completed in a time no longer than this. This 
shows that in the 130-G field, thermal mixing between 
the three spin systems is achieved in a time smaller 
than 0.3 sec. This is not in conflict with the theoretical 
estimates. 

In the 500-G field, the mixing times are longer. Be
cause our principal interest was in the measure of the 
| \f/(R) |2 and not in the thermal mixing, we have not made 
a thorough study of the latter. In a first experiment, we 
observed that there is no very fast mixing: Successive 
saturation of the three nuclear resonances results in 
three successive shifts of the ESR (Fig. 1). 

In a second experiment, after polarizing the nuclei, we 
saturate Sb121. This creates an immediate shift. We now 
keep the rf field on, so that the temperature of the Sb121 

spins stays infinite. The In nuclei are then heated by 
thermal mixing, and the corresponding shift should set 
in with the time constant of the mixing. 

This turns out to be so long that spin-lattice relaxation 
is appreciable during the experiment (Tun=1.3 h). 
We estimate that r' is of the order of 45 min; this fits 
in the enormous bracket of Table II. 

No measure has been attempted of the mixing times 
of Sb123 with In or with Sb121. We are content with the 
observation that these times are not short (see above) 
and with the theoretical estimate which indicates that 
they are extremely long. 

Lastly, it should be made clear that the measure of 
the | \p(R) |2 at 500 G is carried out in such a way that 
the results would in any case be only little affected 
by thermal mixing. The shift of In is measured after 
polarizing the nuclei for 24 h; this is longer than the re-
relaxation times of In and Sb121 in the polarizing field, 
so that the spin temperatures of the two species are not 
very different. One calculates that mixing would tend 
in this case to establish a temperature differing from the 
initial temperature of In by only 3%. 

For the measure of the relative shifts of In and Sb121, 
the two systems are at first at a common temperature, 
and therefore insensitive to mixing; and because only 
10 sec separate the saturations of the two systems in this 
experiment, no appreciable mixing can occur during this 
interval. 



FIG. 3. Heating of 
the kinetic energy 
of the electrons by 
the microwave elec
tric field associated 
with the microwave 
magnetic field at the 
ESR frequency. The 
microwave power is 1 
n\X at left, 1 m\V at 
right. The displace
ment corresponds to 
a kinetic temper
ature of 20°K ( /= 36 
kMc/scc,r=l. '5°K). 


