
At AE, >  AX)"^ and at frequencies lower than w,, the 
line shape is also described by (45). For  frequencies 
higher than w,, the drastically varying quantity is the 
last exponential factor in ( 4 4 ) ,  which takes into account 
the broadening due to  the deviation of the shape of the 
fluctuation from spherical. The absorption line shape 
duplicates in this case the variation of the state density 

In a region far  from the center of the absorption line, 
a t  E,> 1/4E1(w< w,,) we have 

and a t  w > w,, 

t r a  connected with transitions inside the small-scale 
fluctuations i t  is necessary to satisfy a large number of 
rather stringent conditions. The formulas obtained a r e  
valid when the depth of the ground-state level is much 
l ess  than the width of the forbidden band E, . On the 
other hand, the small-scale fluctuations of the multiply 
charged atom type determine the state density f a r  
enough from the edge of the forbidden band. It follows 
from (3) that a t  Na3 = 0.1 and T, /E,  = 10 the Fermi level 
passes through an energy interval in which the state 
density is controlled by the small-scale fluctuations a t  
a degree of compensation 1 - k <lo-'.  The concentration 
of the small-scale fluctuations, which determines the 
absorption coefficient, is then of the order of ( 1  - k)N 
~ 1 0 - ~ N .  Since the coefficient of light absorption by the 
fluctuation wells is close to the absorption coefficient of 
shallow impurities having the same concentration, ob- 
servation of this spectrum calls for measurement ap- 
paratus of high sensitivity. In semiconductors whose 
donor activation energy lies in the submillimeter band, 
such measurements a re  feasible by using submillimeter 
t e~hnology .~  

The authors than A. L. ~ f r o s  for helpful discussions. 
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Dynamic characteristics of EPR signals of saturating 
systems 

1. Z. Rutkovskl and G. G. Fedoruk 
Research Institute for Applied Physics Pmblems of the Belorussian State Universiv 
(Submitted 12 September 1979) 
Zh. Eksp. Teor. Fiz. 78, 1237-1239 (March 1980) 

An EPR investigation of the dynamics of the saturation of spin systems has revealed that, in contrast to the 
Torrey model, the frequency of the oscillations of the absorption signal does not depend on the detuning from 
resonance, and that there are no oscillations of the dispersion signals. The results are explained by taking into 
account the nonequilibrium awustic waves excited in the sample by the radio-frequency field. 

PACS numbers: 76.30. - v, 72.50. + b, 43.35.Q~ 

Direct investigations of the dynamics of saturation of transition process, frequently called Torrey oscilla- 
spin systems a r e  carried out by observing, in time tions or  transient nutations, can then be 
scale, the establishment of their quasistationary state This effect is connected with the nutational motion of 
under the influence of radio-frequency radiation after a the magnetic-moment vector, which manifests itself in 
jumplike establishment of resonance conditions. A oscillations of the dispersion ( X I )  and absorption ( x u )  
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signals with a frequency 

where y is the gyromagnetic ration, FI, is the intensity 
of the magnetic component of the radio-frequency field 
of frequency w, 6w = w,- w is the detuning from reso- 
nance. In this case the time dependence of X' and x", 
with allowance for the relaxation processes, can be de- 
termined analytically by solving the Bloch equations.' 

The conclusions of this model were partially con- 
firmed by Torrey, who was the first  to observe oscil- 
lations in NMR.' When this effect was observed in EPR, 
the experimental results differed from those expected, 
and the deviations were attributed either to inaccuracy 
in the solution of the Bloch equation, or to instrumental 
effects.' In the present paper we report observation of 
fundamental inconsistencies in the existing model when 
it  comes to saturation of spin systems. 

The investigations were performed with experimental 
installations in which the EPR were registered in a time 
scale. In contrast to Refs. 1-4, the jumplike estab- 
lishment of the resonant conditions was effected by 
varying the polarizing magnetic fields, with the micro- 
wave power constant. The preliminary results were 
obtained with a setup using a homodyne microwave 
channel. Their fundamental difference from the pub- 
lished results, and also the difficulty of monitoring the 
separation of the absorption and dispersion signals, 
made i t  necessary to  repeat these experiments with an 
improved setup using a superheterodyne microwave 
circuit. This setup made possible exact separation of 
the signals and monitoring of the separation with the aid 
of a ruby crystal placed together with the investigated 
sample and remaining practically unsaturated under the 
experimental conditions. This ensured simultaneous 
registration of the absorption and dispersion signals. 
Microwave power up to 40 mW at  a frequency 10 GHz 
was fed to the measuring resonator. The HI component 
of the microwave field in the sample was determined 
from the values of the power fed to the resonator and 
from the Q of the loaded resonator. The measurements 
were made at a fixed value of the dc component of the 
polarized magnetic field, which was modulated by. rec- 
tangular pulses with approximate amplitude 2 Oe, dur- 
ation 5 psec,  and rise and fall times 0.2 psec. 

We investiaged E; centers produced in crystalline 
quartz by neutron bombardment and serving a s  a suit- 
able object for the production of the  oscillation^.^* The 
concentration of these centers, determined by com- 
parison with a calibrated DPPH sample, was approxi- 
mately 2 x 10" spins/cm3. The sample was so  oriented 
that i t s  spectrum consisted of three lines of approxi- 
mate width 0.3 Oe, spaced 1 Oe apart. The temporal 
oscillograms of the dispersion signals (a) and of the 
absorption signals (c), obtained for these centers a t  
room temperature, a re  shown in the figure. The sig- 
nals were obtained for one and the same point of the 
line a t  6o  corresponding to the maximum dispersion 
signal. The oscillogram b was registered in the dis- 
persion-signal channel when the spin system was off 
resonance. The drift of the null line of oscillograms 

FIG. 1. 

a and b i s  due to the change in the frequency of the 
working resonator on account of the synchronous shift 
of the modulation loops inside the resonator when the 
current pulses were passed. The inflection on the in- 
itial section of the dispersion-signal pulse is a con- 
sequence of the non-uniformity of the top of the mod- 
ulating pulse. It is seen that the dispersion signal does 
not oscillate in the section with the existing model. 

An investigation of the absorption signals shows that 
the frequency of the oscillations is equal to yHl and, in 
contrast to Eq. ( I ) ,  does not depend on 6o. Thus, in 
our case, a t  exact resonance, i t  i s  equal to 0.45 MHz 
and should amount to 0.62 MHz at  a detuning 0.15 Oe 
from resonance. At the same time, no change in this 
frequency, with accuracy not worse than 3%, was ob- 
served on any line of the investigated spectrum. 

We note that when the microwave power is changed 
the amplitude of the nonequilibrium signals on the sta- 
tionary sections coincides with the curves of the trans- 
lational saturation, obtained by using video registration 
without modulation, and agrees with the experimental 
data of Portis." The difference between the presented 
dispersion signal and that given in Ref. 2 is attributed 
by us to the use, in the latter, of sinusoidal modulation 
of the magnetic field, which led to a mixing of the dis- 
persion and absorption signals. Similar results were 
obtained for the paramagnetic centers of heat-treated 
5-phenolresorcin-formaldehyde polymer and for P 3  
centers in silicon (T= 77°K). 

The obtained data can be interpreted in the following 
manner. Since the absorption i s  proportional to  the 
population difference of the spin levels, i t  follows, a s  
shown by us earlier,= that the oscillations constitute an 
inversion of a two-level system (a two-level maser). 
This process is the result of alternating accumulation 
of the absorbed electromagnetic energy in the form of 
coherent acoustic waves (absorption), and the reaction 
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of the latter on the spin system with conversion of their 
energy again into electromagnetic energy (amplifica- 
tion). It is possible only when the microwave power ab- 
sorbed by the spin system does not manage to become 
irreversibly dissipated by relaxation mechanisms, and 
is preserved in the sample in the form of resonant 
phonons during a time longer than l / y H , .  The period of 
the oscillations is therefore independent of the detuning 
but is determined only by the pumping rate. At the 
same time, the dispersion, being a phase character- 
istic of the resonant system (by virtue of the conser- 
vation, a t  each instant of time, of the number of spin 
transitions produced by the electromagnetic and non- 
equilibrium acoustic fields), should be constant both in 
the absorption regime and in the regime of amplifica- 
tion of the exciting radiation. The result is a linear de- 
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pendence of the dispersion signal amplitude on the ra- 
diofrequency field. 
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