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A magnetically dilute SiZ9 spin system in a silicon lattice is investigated in weak magnetic fields 
under conditions of high photonuclear magnetic susceptibility, which is achieved by optical 
cooling of the spin system to 10-4-10-5 K. The resonance responses of the SiZ9 nuclei are 
recorded at 4.2 K with a SQUID. The "heating" spectra in constant fields B, of the order of 
the local nuclear field BL are investigated by measuring the rates of magnetization relaxation 
by alternating fields of various frequencies. These spectra include intense two- and three-spin 
transitions. Under conditions B, > B,, reversal of magnetization is observed on passing 
through two-spin resonances. The change of the longitudinal magnetization in adiabatic fast 
passage of the resonances corresponds in a rotating coordinate frame to a local field B 
= (0.06 + 0.02) G. Standard NMR technique is used to find the true width S of the NMR 

lines [the maximum-slope points yield 6 = (0.12 + 0.02) GI, and lines corresponding to 
transitions between triplet states of pairs of nuclei located in nearest lattice sites are observed. 
The effect of relaxation on the photoinduced paramagnetic centers is investigated. The 
effectiveness of SQUID for the study of photonuclear magnetism is compared with that of 
NMR. 

1. INTRODUCTION 

Optical orientation of electron spins in interband ab- 
sorption of light in semiconductors is known to be able to 
cool effectively the spin system of the lattice nuclei.'-4 The 
increase of nuclear magnetic susceptibility ,yo by this cooling 
of the nuclear spin system is the basis of photonuclear mag- 
netism. The susceptibility incrementx, due to the action of 
the light can exceed by several orders of magnitude the value 
ofxoT corresponding to thermodynamic equilibrium at the 
lattice temperature (,yo = X, + ,yo= ). This uncovers new 
possibilities of investigating nuclear systems in weak mag- 
netic field. 

Photonuclear magnetism in weak magnetic fields was 
investigated until recently mainly by optical In- 
formation on the nuclear spin system could be obtained only 
indirectly from the value of the nuclear effective magnetic 
field due to hyperfine interaction anh influencing the polar- 
ization of the electron spin system. Nuclear magnetization 
produced by light in a semiconductor was first measured 
directly in silicon by a standard NMR technique.' The long 
spin-lattice relaxation time of the SiZ9 nuclei has made it 
possible to determine the mechanism of their optical polar- 
ization in weak magnetic fields by subsequently measuring 
the magnetization in the strong field of an NMR microwave 
spe~trometer .~.~ 

The behavior of nuclear spin systems of a solid in a weak 
magnetic field can be studied directly using the supercon- 
ducting quantum magnetometer of a SQUID." This un- 
covers new possibilities, compared with the standard NMR 
procedure, of studying photonuclear magnetism. Thus, it is 
easy to measure the longitudinal component of the magneti- 

zation with the aid of a weak alternating field (or even in the 
absence of such a field, if the sample is moved), whereas in 
the standard NMR technique the magnetization is deter- 
mined by measuring the transverse component in adiabatic 
fast passage through resonance in a strong alternating field. 

The possibility of measuring the longitudinal magneti- 
zation is also a promising method of finding the nuclear- 
spin-system magnetic ordering that can result from optical 
cooling. ' ' The use of a SQUID to investigate photonuclear 
magnetism permits a study of the dynamics of the processes 
in a nuclear spin system in a weak field, as well as of the 
effects due to the nonsecular part of the Hamiltonian that 
describes this dynamics. 

We report here the results, obtained mainly with a 
SQUID, of an investigation of photonuclear magnetism in a 
magnetically dilute system of a silicon-lattice nuclei. 

2. EXPERIMENTAL PROCEDURE 

The object chosen for the study of photonuclear magne- 
tism was single-crystal silicon containing radiation defects. 
An important role in the onset of photonuclear magnetism is 
played by the presence of lattice defects with broken bonds, 
which can capture photoexcited electrons under conditions 
of optical irradiation. The electron spectrum of these defects 
contains triplet states whose magnetic sublevels can have a 
population different from the equilibrium value even when 
illuminated by unpolarized light.'' 

Hyperfine interaction of lattice nuclei with an electron 
system that is not in spin equilibrium is accompanied by 
dynamic cooling of the ensemble of nuclear spins. The maxi- 
mum cooling of the nuclear spin system is reached at exter- 
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FIG. 1 .  Experimental setup: 1-solenoid, 2-sample, 3-loop for cou- 
pling to SQUID, +SQUID, 5-calibrating turn, &alternating-field ex- 
citation windings. 

nal magnetic field values corresponding to anticrossing of 
the magnetic sublevels of the triplet centers. For most triplet 
centers in silicon, these magnetic fields lie in the range 20- 
500 G (Ref. 12). Moving the irradiated crystal into the 
weaker measuring field of a helium creostat is accompanied 
by additional lowering of the spin temperature. 

By varying the density of the radiation defects it is pos- 
sible to select samples with optimal spin-lattice relaxation 
time T I .  This time should be long enough to permit moving 
the sample to the measuring cryostat and subsequent mea- 
surements without noticeable heating of the spin system via 
spin-lattice relaxation. On the other hand, the illumination 
time TI must not be too long, so that the illumination-mea- 
surement cycles can be repeated frequently enough. 

In the present study we used pure silicon single crystals 
irradiated with neutrons at a dose ~ 2 . 1 0 "  ~ m - ~ .  The illu- 
mination time T ,  of these samples was z 30 min. 

The illumination was carried out in a 300 G field at 77 
K, using polarized light from two 500-W incandescent 
lamps placed on opposite sides of the sample. The samples 
were cylinders of 6 mm diameter and 10 mm height, with the 
cylinder axis along the ( 11 1) axis of the crystal. After 30 
minutes of illumination, the sample was transferred to the 
cryostat with the SQUID. The setup is illustrated in Fig. 1. 
The constant magnetic field was produced with a short-cir- 
cuited superconducting solenoid. The Earth's field was 
lowered to ~ 5 .  lop2 G by an outer Permalloy shield. Sam- 
ple 2, mounted on a rod, was inserted through the port of the 
cryostat, along the solenoid axis, to the interior of the super- 
conducting-transformer loop 3 that ensured magnetic cou- 
pling with the SQUID 4 (Ref. 13). This loop, of 1 cm diame- 
ter, was placed in a plane perpendicular to the solenoid and 
passing through its center. Located in the same plane was a 
calibrating loop 5 of 8 mm diameter, coaxial with loop 3. The 
sensitivity of the apparatus was calibrated against the mag- 
netic moment of the current flowing though this turn. The 
nuclear magnetic resonance was excited by an oscillating 

field 2B,coswt perpendicular to B,. This field was produced 
by a pair of rectangular loop windings 6. 

The influence of the alternating field on the SQUID 
operation was reduced by placing the coupling loop 3 in an 
annular shield. The entire setup was placed in superconduct- 
ing lead shield. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 
3.1 Measurement of nuclear magnetization with a SQUID 

The photonuclear magnetic susceptibility can be deter- 
mined by using a SQUID to measure the magnetic moment 
M produced in a unit volume of the sample in the field B, of 
the solenoid. This measurement can be implemented either 
by moving the sample along the solenoid axis through loop 3, 
or by turning on an alternating field B, under NMR condi- 
tions. In the latter case the sample is kept immobile inside 
the coupling loop and the change of the magnetic flux 
through this loop is measured either by reversing the magne- 
tization or by relaxing it via "heating" the nuclear spin sys- 
tem by the alternating field. The results that follow were 
obtained under NMR conditions. 

We consider first adiabatic fast passage through reso- 
nance, which permits the longitudinal magnetization M, to 
be reversed, and thus produces a signal equal to double the 
magnetization value (disregarding the loss to nonadiabati- 
city). 

Figure 2a shows the frequency dependences of the sig- 
nal when the frequency v = w / 2 ~  of an alternating field of 

- 
2.4 2.8 2.q 2.8 v, kHz 

FIG. 2. Variation of longitudinal magnetization M o f  sample in successive 
passages (1,2,3) through resonance: a )  adiabatic fast passage at 
B, = 3 .  lop3 G anddv/dt = 1 Hz/s; b )  diabaticfast passageat B, = l o p 3  
G and dv/dr = 10 Hz/s. 
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amplitude B, = 4 x  10W3 G is scanned near the Larmor fre- 
quency v, = yBO/2.rr at a rate dv/dt = 1 GHz.sP '  (y/  
2?r = 846 Hz/G). The solenoid field was 3 G. This scanning 
rate satisfies the condition for adiabatic fast passage 

To determine the resultant magnetization decrease SM, 
due to incomplete adiabaticity of the passage through reso- 
nance, it is convenient to use the equation obtained by Dzhe- 
parov and Fel'dmanI4: 

The nonadiabaticity parameter here is E = A/?r(yB, 12, 
where A = 2?rdv/dt. This equation is valid at the small val- 
ues of E realized in the experiment. For dv/dt = 1 Hz/s and 
B, = 3. we obtain from (2 )  SM, =I 10%. 

The dependence of M, on the frequency w can then be 
approximately described by the expression 

where Mo is the initial magnetization prior to passage 
through resonance, and B is the local field of the Si29 nuclei 
in the rotating coordinate frame. 

It can be seen from ( 2 )  that when the frequency 
changes from w < w, tow > w, the sign ofM, is reversed. The 
magnetization is reversed after each repeated passage 
through resonance (see curves 1, 2, and 3 of Fig. 2a).  

The plot of the SQUID signal uo, which is proportional 
to M,, vs frequency in Fig. 2a is well described by Eq. (2 ) .  
Reduction of the experimental u,(v) curves obtained at dif- 
ferent B ,  satisfying condition ( 1 )  yields B 
= (0.06 + 0.02) G. When the parameter E is increased after 

one passage through resonance, the entropy of the spin sys- 
tem of the Si29 nuclei is noticeably increased, as is also its 
spin temperature. This "heating" can be accompanied by 
total loss of the magnetization and takes place both when the 
frequency sweep is increased and when the field B ,  is de- 
creased. For example, on going through resonance at a rate 
10 Hz/s in a field B ,  = l oP3  G,  the value of M decreases 
steeply and no change of flux is observed already in the third 
passage through resonance, i.e., the magnetization is 
"erased" at these values ofdv/dt and B ,  (see Fig. 2b). Thus, 
the value of M, can be determined both in the adiabatic fast 
passage regime and in the "erasure" regime. 

To this end it is necessary to take also into account the 
real shape of the sample and to calibrate the SQUID using 
the known magnetic moment of the calibrating current-car- 
rying coil. The unknown moment per unit sample volume 
can then be obtained from the relation 

where g, and 4, are coefficients determined from the geome- 
try of the samples and of the turns, and relate the magnetic 
flux through the coupling loop 3 to the measured magnetic 
moment (@O,k = go,, -4rM0,k ) for the calibration loop and 
for the sample, respectively; u, and u, are the SQUID out- 
put signals from the sample and from the calibrating cur- 

rent-carrying turn. For the foregoing geometric dimensions 
of the sample and of loops 3 and 5 we get, using Eq. (A2) ,  
6,) = 0.208 and 6, = 1.145. Thus, MO = 5.505Mk uO/uk. 

The change of u, shown in Fig. 2a corresponds to a 
calibration magnetic moment of the current i, = 1.4 p A  in 
loop 5. We then find with the aid of ( 3 )  that M, = 2.3. lo-' 
CGS. 

Thus, using a SQUID and one NMR adiabatic fast pas- 
sage experiment yields the local fields B t as well as the mag- 
netization M, due to the photonuclear magnetism. 

It must be pointed out here that determination of M, 
and B L by the standard NMR technique calls for two sub- 
stantially different experiments, and B ; can be estimated 
only if the photonuclear magnetic susceptibility is high 
enough, so that the true dipole-dipole NMR line width can 
be observed. The point is that to record NMR of nuclei hav- 
ing low natural abundance and long spin-lattice relaxation 
times one usually measures the transverse magnetization. 
The measurement is carried out also under adiabatic fast 
passage conditions, but using substantially larger ampli- 
tudes of the alternating field B ,  than in the case of a SQUID. 
This is dictated by the need for satisfying condition ( 1) in 
the strong constant field B,, of the NMR spectrometer and 
for preventing "loss" of the signal, a loss inevitable if 
B ,  < B i. At B,  $ B L , however, the NMR line width is deter- 
mined solely by the value of B, .  Nonetheless, owing to the 
large value ofx,, it is possible to observe, with the aid of the 
standard NMR technique, the undistorted line width of the 
resonance and to discern its peculiarities due to the disorder 
of the system of paramagnetic Si29 nuclei. 

3.2. NMR spectra of optically polarized silicon 

For comparison with the foregoing results, we consider 
the silicon NMR spectra obtained with a standard NMR 
spectrometer. 

Figure 3a shows the usual NMR adiabatic fast passage 
signal corresponding to thermodynamic equilibrium of a nu- 
clear spin system at room temperature in a field B,, = 7 kG. 
The signal was obtained at B ,  =: 1 Hz after keeping the sam- 
ple in the field Bo for 3 hours to achieve equilibrium polariza- 
tion. The signal was recorded at a frequency vo = 6.000 
MHz. Since the nuclear magnetization was directed along 
the effective field under conditions of adiabatic fast passage, 
the constant field B, was modulated (at  15 Hz frequency) 
and the dispersion signal was recorded. 

Figure 3b shows the NMR signal obtained under the 
same conditions of passage through resonance, but now after 
illuminating the sample for 30 minutes in a field 250 G. The 
signal amplitude was increased by a factor -300, and the 
line width is given as before by the value of B, .  

To observe the undistorted NMR line width it is neces- 
sary to satisfy the unsaturated-passage condition: 

and the fast-passage condition that excludes mixing of the 
Zeeman and dipole-dipole reservoirs: 
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FIG. 3. NMR spectra of silicon: a )  adiabatic fast passage signal after 3 
hours in darkenss in a field 7 kG at room temperature, B,  = 1 G, 
X, = 6.000 MHz, dB,,/dt = 5. 10W2 G/s; b) adiabatic fast passage signal 
after 30 minutes of sample illumination in a 250 G field, B, = 1 G, 
v, = 6.000 MHz, dB,,/dr = 5. 10W2 G/s, amplification decreased by 300 
times (compared with a);  c)  derivative of absorption signal in nonsaturat- 
ing passage through resonance after 30 min of sample illumination in a 
field 250 G, B, = G, v, = 6.000 MHz, dB,/dt = 5.10-2 G/s; B,, 
oriented along the (100) axis. 

For a spin-spin relaxation time T2 =. s and TI =. 1 h we 
obtain from (5) the condition B, < 10-I G, which leads to 
the condition dB,/dt, lop5 [see ( 6 )  1. 

Figure 3c shows the derivative of the absorption signal 
of SiZ9 nuclei in a silicon crystal after optical polarization of 
these nuclei. The signal was obtained at B, = lop4 G, dBo/ 
dt = 5 .  G/s, and the field B, along the (1 10) axis. The 
NMR line width 6 between the maximum-slope points is 
(0.12 +_ 0.02) G. On both sides of the principal line corre- 
sponding to the Larmor frequency v, of the Si29 nuclei one 
can see low-intensity but well resolved sideband lines. The 
distance between these lines, 0.66 G, corresponds to the 
splitting in the spectrum of isolated Si29 pairs located in adja- 
cent sites of the lattice and arranged along the (1 11) axes of 
the crystal. The possibility of separating isolated pairs in 
silicon is due to the small natural abundance of the Si29 nu- 
clei (4.7% ). The dipole-dipole interaction between the spins 
of the nuclear pairs, accidentally located in neighboring sites 
of the lattice, is much larger than the dipole-dipole interac- 
tion of each of the spins of this pair with the spins of the 
remaining nuclei of the crystal. 

It can be easily seen that the number of SiZ9 nuclei in- 
cluded among the pairs produced by the nearest neighbors is 
9.4% of the total number of Si29 nuclei. Resonant transitions 
between triplet states of isolated pairs should be observed at 
the frequencies" 

where d is the distance between the nuclei in the pair and 8, is 
the angle between the field B,, and the ith (1 11) axis of the 
crystal. The splitting of the satellite lines on Fig. 3c corre- 
sponds to a distanced = 2.34 A between nearest neighboring 
nuclei in the silicon lattice, 8,,, = 90°, and 8,,, = 35". 

It should be noted that although the large value of x,, 
made it possible to find the width S of the undistorted NMR 
line, it is impossible to determine independently the value of 
B ; from the spectrum of Fig. 3c, since we know no function 
that approximates the line shape. To determine the second 
moment of the line and the value of B ; we must find the true 
line shape from experiment; this is a problem in itself. From 
among the results of the standard NMR technique, we single 
out here only the proof that triplet states exist in the spin- 
spin interaction spectrum of a magnetically dilute system of 
Si29 nuclei. 

3.3 Photonuclear magnetization in weak magnetic fields 

We consider now the dependence of the nuclear magne- 
tization, measured with a SQUID, on the conditions prior to 
the measurement in a weak magnetic field. Since the slow (in 
the T2 time scale) transfer of the sample from the field Bi 
= 300 Hz in which the optical pumping was carried out at 
77 K to the field B, of the solenoid of the helium cryostat can 
be regarded as adiabatic, the final spin temperature Of as a 
function of the temperature Oi reached in the field Bi is giv- 
en by l 6  

where B, is the local field of the nuclei in the laboratory 
frame. In this case 

where MI is the magnetization in the field B, at the tempera- 
ture @, . It follows from (9)  that the variation of M, (B,) is 
determined by the value of the local field B,. 

Experiment, however, has shown that the variation of 
MzBo depends on whether or not the sample was heated to 
room temperature directly prior to immersion into the liquid 
helium. Thus, curve 1 of Fig. 4 was obtained after such a 
heating, while curve 2 corresponds to measurements made 
directly after a rapid transfer of the sample from the nitrogen 
dewar into the helium one. The most probable cause of this 
discrepancy between curves 1 and 2 is the production, under 
the influence of the light, of additional paramagnetic nu- 
clear-relaxation centers. It is known that if silicon crystals 
contain radiation defects illumination causes charge ex- 
change of these defects as a result of their capturing photoex- 
cited electrons or holes. A situation can then arise in which 
defects that are nonmagnetic in the absence of light become 
paramagnetic when the crystal is illuminated. The onset of 
photoinduced paramagnetic centers increases the rate of 
spin-lattice nuclear relaxation. Effects of optical charge ex- 
change in illuminated n-type silicon were investigated in 
Ref. 17, where it was shown that photoinduced paramagnet- 
ic centers can remain in a crystal 30-50 minutes after the 

w , = 2 n ~ ~ = y B , + ~ / , y ~ f i d - ~  (1-3 cos2 Oi), (7) light is turned off. 
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FIG. 4. Magnetization curves M, (B,) obtained after annealing the pho- 
toinduced paramagnetic centers ( 1 )  and without annealing (2).  Solid 
line--calculated from (9)  with B, = 0.2 G. The dashed line was drawn 
for clarity. 

To check on the presence of photoinduced paramagnet- 
ic centers of the investigated crystals, we investigated their 
ESR spectra. Figure 5 shows ESR spectra obtained at 
T = 77 K prior to (a )  and in the course of (b) illumination 
under the same conditions as used for optical pumping to 
investigate photonuclear magnetism. Comparison of spectra 
(a)  and (b)  leads to the conclusion that paramagnetic 
centers are produced in an illuminated crystal at a density - 10" cm-3 higher by about an order of magnitude than the 
density of the paramagnetic centers in darkness prior to illu- 
mination. 

It is knownI5 that the rate T; ' of spin-lattice nuclear 
relaxation in weak fields is independent of B,, in view of the 
difference between the relaxation times TI, and TI, for the 
Zeeman and dipole reservoirs: 

For pure dipole-dipole interaction we have T,,/T,, = 3. A 
similar equation determines the field dependence of the rate 
of nuclear relaxation on photoinduced centers (neglecting 
the weaker field dependence of the relaxation rate of the 
centers themselves). 

After the light is turned off at 77 K, the density of these 
centers decreases with a time constant -30 min. If, how- 
ever, the sample is heated to room temperature immediately 
after turning off the light, the initial spectrum a of Fig. 5 is 
restored. Thus, heating the crystals after illumination makes 
it possible to eliminate the influence of the nuclear spin-lat- 
tice relaxation on the photoinduced paramagnetic centers. 
Curve 1 of Fig. 4 was obtained under these conditions. 

The difference between the shapes of curves 1 and 2 in 
this figure can be characterized by the quantity 
ln(M,, /M, ) a T ,j I, where M,, and M,, are the values of 
the magnetic moments in the field B, for curves 1 and 2, 
respectively, while T; ' is the rate of nuclear relaxation on 
the photoinduced centers. 

Notice must be taken here, however, of the possible in- 
fluence of the residual (darkness) paramagnetic centers in 
the sample. They cause apparently some increase of the val- 
ueB, = (0.22 f 0.02) G determined from the experimental 
plot of M, (B,) (curve 1 of Fig. 4 )  with the aid of Eq. (9) ,  
compared with the calculated value" B, = 0.176 G.  From 
the value of M, at B, = B, we obtain the experimentally 

realized maximum photonuclear susceptibility x,,, and the 
minimum spin temperature a,,. Using the data of Fig. 4 
(curve 1 ) we obtain 

~ m a . = M z  (BL) lBr..=8.2.10-' CGS 

and 

Here N = 6.53. lo2' is the number of Si29 nuclei in the 
sample, p, and I are the magnetic moment and the spin of 
the Si29 nucleus, and k is Boltzmann's constant. 

The described procedure for optically cooling silicon 
crystals containing radiation defects has thus made it possi- 
ble to lower the spin temperature of a system of Si29 nuclei by 
more than 5 orders relative to the lattice temperature of a 
crystal immersed in liquid helium. 

The average spin of the Si29 nuclei at Omin is 

and the degree of orientation is P = ( I  ) / I  = 3.6. As 
the field B, is increased, P increases like B d ( B  + B ) ' I 2 ,  

and reaches =: 5 .  in strong fields (B,% B, ). 

3.4. "Heating" of optically cooled nuclear spin system in an 
alternating magnetic field - - 

One of the interesting consequences of optical cooling 
of a nuclear system is the possibility of investigating its prop- 
erties in a field B, 5 B, Thus, for example, even at B, = 0 a 
cooled spin system should absorb from th%alternating field 
an energy ( ~ , ( t ) ~ ( t ) ) ,  where M( t )  = x ( v ) B , ( t )  is the 
y l e a r  magnetic moment induced by the field B, (t) ,  and 
X ( Y )  is the nuclear susceptibility at the frequency v of the 
alternating field. In the high-temperature approximation we 
havex(v) a @ - I  and consequently the lower the spin tem- 
perature the higher the energy absorbed by the nuclear spin 
system. 

The change of the reciprocal spin temperatureb = 0- 
by such "heating" is described by the equation 

where T i  ' is the relaxation rate due to absorption of energy 

FIG. 5. Variation of ESR spectrum at 77 K and B,,II [ 1 1  1 ] as a result of 
sample illumination: a )  ESR spectrum prior to illumination; b )  upon 
illumination. 
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FIG. 6 .  Spectral dependence of the rate of nuclear relaxation (of the spin- 
system "heating" under the influence of an alternating field B, = 6. 
G in a constant field B,, = 0.28 G. 

of the alternating field, and Po is the stationary value o f 0  at 
B, = 0. In the case considered, P,zO is the reciprocal tem- 
perature of the lattice. Owing to the large value of T, it is 
easy to realize in experiment the condition TB 4 TI  so that 
the reciprocal temperature decreases when the alternating 
field is turned on, from the value Pf = 07 ' in acordance 
with the exponential law = Bf exp( - t /T, ). 

If a weak constant field B, is turned on to induce in the 
sample an induced magnetic moment M, afl( t ) ,  it is possi- 
ble to investigate, using a SQUID, the dynamics of heating of 
a nuclear spin system at various frequencies and obtain in- 
formation on the nuclear-spin correlator corresponding to 
the total Hamiltonian, including the nonsecular part of the 
spin-spin interactions. 

The frequency dependence of T; ', obtained by Mer- 
kulov19 on the basis of the fluctuation-dissipation theorem, 
is given by 

where 
m 

<I$ ) -  = J < Z ~ ( O ) I , ( ~ ) ) ~ ' ~ " "  d t l ~ p ( f 2 )  (13) .. 
is the Fourier transform of the correlator of the x-compo- 
nent of the average nuclear spin. Here 2, is the muclear spin 
x-projection operator (the field 2Blcoswt is applied along 
the x axis). Thus, the "heating" spectrum is determined by 
the frequency dependence of the correlator ( I ;  ), and by the 
factor v2. 

The use of a SQUID permits direct determination of the 
relaxation rates T; ' (v) by measuring the rate of change of 
M, following application of an alternating field B,( t )  of 
fixed frequency v. Figure 6 shows the results of such mea- 

surements, carried out with the aid of a field B, = 6. G 
at B, = 0.28 G.  A distinguishing feature of the spectrum in 
Fig. 6 is the pronounced character of collective (two- and 
three-spin ) processes. 

The frequency v, at which the maximum of the intense 
low-frequency line is observed corresponds to the Larmor 
frequency of the SiZ9 nuclei in a field B,, and the second and 
third maxima correspond to the frequencies 2v,, and 3v,, of 
the two- and three-spin resonances. Attention is called to the 
fact that the intensities of these lines are comparable. Calcu- 
lation of the nuclear-spin correlator from the experimental 
data with the aid of ( 12) shows that its maximum value near 
the resonance at the frequency v, is ~ 0 . 4 -  lop2  s. The form 
of this correlator cannot be approximated by either a Lor- 
entz or a Gauss curve. 

As already noted [see Fig. 3c and Eq. (7)  1, in a magne- 
tically dilute system of silicon nuclei one can separate pairs 
of nuclei located in neighboring lattice sites with a distance 
d = 2.34 b; between them. These pairs correspond to triplet 
states with energy levels E ~ ,  whose position is determined by 
solving the secular equation E ( B ~ + E )  
- B (E + B,sin28, ), where B, = 3p,/2d = 0.656 G. 

The corresponding frequencies of the resonant transitions 
between triplet levels of differently oriented pairs in a field 
B, = 0.28 G are 3 16,585, and 752 Hz. Although the number 
of pairs is relatively small ( ~ 9 . 4 %  of the total number of 
Si29 nuclei) they can make a noticeable contribution to the 
resultant probability of energy absorption from the alternat- 
ing field, and thus influence the form of the spectrum of the 
correlator (1: ), . 

It is of interest to note that in the range from B,z B, to 
B,z 2BL the ratio T; '(2vo)/T, ' (v,) of the rates of heat- 
ing via two-spin and one-spin transitions remains practically 
unchanged and relatively large ( ~ 0 . 5 4 ) .  In the region 
B, > 2BL this ratio decreases quadratically with increase of 
the field (Fig. 7). 

FIG. 7. Ratio of the rates of "heating" by two-spin and one-spin transi- 
tions in various fields B,,. 
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FIG. 8. Passage through two-spin resonance at B,, = 1.6 G and dv/dt = 1 
Hz/s; a)  without magnetization reversal at B, = 5. lo-' G; b )  with mag- 
netization reversal at B, = 2 .  lo-' G. 

3.5 Reversal of nuclear magnetization in two-spin 
resonance 

The increase of the probability of forbidden transitions 
with decrease of the field B, makes it possible to observe 
multispin and multiphoton transitions in cases when appre- 
ciable nuclear polarization can be obtained in weak magnetic 
fields. 

These resonances were observed earlier, for example 
under conditions of optical orientation of the nuclei in GaAs 
and GaInP crystals,'0 by the polarized luminescence me- 
thod. They were also revealed by the P-decay asymmetry 
when Li nuclei of an LiF crystal were polarized in a nuclear 
reaction." The theory of these resonances was considered in 
Refs. 22 and 23. 

We present here the results of what is apparently the 
first observation of two-spin resonance under spin-locking 
conditions, when magnetization reversal takes place. 

A section of the SiZ9 NMR spectrum, obtained with a 
SQUID under fast (in the T I  time scale) passage conditions, 
is shown in Fig. 8. The spectrum in Fig. 8a was obtained for 
B, = 1.6 G and B, = 5 .  G, while that in Fig. 8b was 
obtainedforB, = 1.6GandB,  = 2.1OP2G (dv/dt - 1 Hz/ 
s) .  In either case, the passage was from the higher frequency. 
It can be seen from figure that at B ,  = 2. lo-' G (Fig. 8b) 
the passage of the two-spin resonance is accompanied by 
spin locking and by reversal of the magnetization, as is clear- 
ly revealed by the reversal the sign of the signal in the suc- 
ceeding passage through the one-spin resonance. It is thus 
possible to reverse an appreciable fraction of the total mag- 
netization by pairwise coherent motion of the nuclear spins. 
At B = 5 .  G (Fig. 8a) the amplitude of the alternating 
field is insufficient for spin locking in passage through two- 
spin resonance. 

It must be pointed out that the nuclear magnetization is 

"captured" by the effective field in the rotating coordinate 
frame even in passage through two-spin resonance with vio- 
lation of the adiabaticity condition, which is a natural gener- 
alization of ( 1 ) to the case of a forbidden transition: 

2n ( d v l d t )  <F(yBi)', ( 14) 

where F i s  the hindrance factor. The value of F for two-spin 
transitions in cubic crystals is C(B,/B,,)', where Ci s  a fac- 
tor that ranges (depending on the orientation of the field B,,) 
from 0.76 to 1 (Ref. 20). Under the condition of the spec- 
trum of Fig. 8a we have F(yBI /2 r ) '  5 0.25. 

To achieve adiabatic fast passage through spin reso- 
nance under conditions satisfying inequality ( 12), the field 
B, and the factor F must be increased. The first calls for 
better shielding of the SQUID receiving circuit, while an 
increase of F by lowering B, distorts the results because of 
the influence of the already considered relaxation in an alter- 
nating field ("heating" of the nuclear spin system). 

It should be noted that a much lower loss of M, on 
reversal of the magnetization can be obtained by measuring 
v in a narrower band about 2v,. It becomes possible then to 
effect repeated reversal of the magnetization in successive 
passages through two-spin resonance, with a loss SM, - 30% in each reversal. 

CONCLUSION 

A high photonuclear magnetic susceptibility permits 
investigation of spin-spin interaction in a magnetically di- 
lute system of silicon nuclei. Standard NMR technique per- 
mits observation of the undistorted width of the resonance 
line and of the effects of paired correlations. 

The use of a SQUID extends substantially the possibili- 
ties of investigating photonuclear magnetism, and facilitates 
the study of the dynamics of a nuclear spin system and of its 
various resonant responses in weak magnetic fields. 

The authors thank A. I. Shal'nikov and B. P. Zakhar- 
chenya for constant interest in the work, F. S. Dzheparov 
and E. B. Fel'dman for helpful discussions, and N. A. Niki- 
tin for help with the work. 

APPENDIX 

The magnetic flux passing from a sample through an 
annular coupling loop of radius a is 

@.=.M J (Bm) dS=M 1 dV 9 , - lmR1 R3 [mnla dcp 

where M is the magnetic moment per unit volume, m is a unit 
vector along M, n is a unit vector along the radius of the 
coupling loop and specifies the position of a point on the 
turn, R is the radius vector connecting this point with some 
point of the sample, and g, specifies the orientation of the 
vector n in the plane of the coupling turn. The integration is 
over the area ( S )  of the coupling turn, over the sample vol- 
ume ( V), and along the contour (I) of the coupling turn. 

Recognizing that R.n/R ' = - div (n/R ) , we obtain for 
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a cylindrical sample coaxial with the coupling loop and hav- 
ing a radius r, and a length L 

where 

D= (a'+ro2)/2aro, G= [ ( L / 2 )  2+ro2+a2]/2aro. 

A similar expression for the flux a, produced by a calibrat- 
ing current-carrying loop of radius rk can be obtained by 
putting in (A.2) D = G, replacing ro by r, ,  and substituting 
for T ~ L M  the magnetic moment Mk of the current in the 
calibrating loop. 
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