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Nuclear spin echo of "Fe in FeBO, parametrically pumped at double the NMR frequency is investigated. 
An influence is observed of the preliminary pump on the ordinary echo signal and on the parametric echo 
produced if a pump pulse is applied to the sample in place of the second resonance pulse. It is shown that 
magnetoelastic oscillations are parametrically excited, excite in turn the nuclear spin system, via the 
hyperfine interaction, and ensure formation of the parametric echo. A theoretical analysis is camed out of 
the mechanism of parametric excitation of the magnetoelastic oscillations. A model of echo formation 
under inhomogeneous excitation is proposed. The calculations presented are in satisfactory agreement 
with experiment. 

PACS numbers: 76.60.L~ 

Parametric action on a nuclear spin system has been 
observed up to now in ferromagnets with appreciable 
dynamic shift of the NMR frequency. In particular, pa- 
rametric excitation of the pair made up of an electron 
spin wave and a nuclear spin wave were i n ~ e s t i ~ a t e d . " ~  
Studies were made of direct energy absorption by the 
sample on account of excitation of nuclear spin waves 
only.2s3 The parametric echo induced by action of a ra- 
dio pulse of frequency 20, on a nuclear spin system ex- 
cited beforehand by a resonant radio pulse of frequency 
on, where on is the NMR frequency, was i n ~ e s t i ~ a t e d . ~  
The pump field in these experiments was parallel to the 
constant magnetic field. 

In an earlier brief communication5 we have reported 
observation of parametric pumping and of parametric 

thesis was in a sealed quartz ampoule kept a t  600°C for 
50 hours. After the synthesis the ground material was 
washed in hot water to remove the B2O3 that did not en- 
ter in the reaction. The polycrystalline material pre- 
pared in this manner was subjected to chemical trans- 
port in the sealed quartz ampoule. The transport tem- 
perature was in the range 760-650°C. A chemical anal- 
ysis by Ya. S. Karnentsev has shown that the iron oxide 
and the boron excite a re  contained in the FeB03 in a 
molar ratio 1:1.0016. 

The crystals were oriented by their faceting and in a 
magnetic field, after which they were mechanically 
shaped into disks. The plane of the disk coincided with 
the easy plane. The sample diameter was 1-3 mm, and 
the thickness about 1 mm. 

echo in the easy-plane antiferromagnet FeBO,, where 
the dynamic frequency shift at 77 K i s  practically non- Besides the samples with natural 5 7 ~ e  content at (2.2 

at.%), samples enriched with 57Fe to 85 a to?  were also existent. In the present paper we present the data of a 
prepared. more detailed experimental investigation of parametric 

phenomena in FeB0,. It is shown that an alternating 
magnetic field of frequency w, = 20, excites parametric- 
ally in the sample magnetoelastic oscillations (a quasi- 
elastic mode) of frequency w,. There oscillations ex- 
cite resonantly in turn the nuclear spin system, i.e., 
this is a two-step process. Both a change in the z com- 
ponent of the nuclear magnetization and echo excitation 
are  then possible. 

SAMPLES AND EXPERIMENTAL PROCEDURE 

FeB03 has a space group D ! , ( R ~ c )  and a t  a tempera- 
ture lower than 348 K it  is an antiferromagnet with weak 
ferromagnetism. Data on the magnetic properties of 
FeB03 were reported earlier.6 The magnetic moments 
of the sublattices, as well as the weak resultant mo- 
ment, lie in an "easy" plane perpendicular to the a 
threefold axis. 

The FeBO, single crystals were obtained by the chem- 
ical transport method from previously synthesized poly- 
crystalline iron borate. The polycrystalline material 
was made of Fe203 and B203 of OSCh (special high pur- 
ity) grade, mixed in a molar ratio 1:1.5. To improve 
the conditions of the reaction between the initial compo- 
nents, the mixture was pressed into pellets. The syn- 

The nuclear spin echo on the 5 7 ~ e  nuclei in FeB0, a t  a 
frequencies 45-76 MHz were observed with a commer- 
cial BSh-1- 2 pulsed radiospectrometer adapted for the 
observation of spin echo at low exciting-pulse levels. A 
low-noise preamplifier was used to increase the sensi- 
tivity of the receiver. An 130-170 MHz parameteric- 
pumping pulse-shaping system was added, with circuitry 
similar to that of the corresponding channel of the spec- 
trometer. It was possible to vary the delay time T of the 
pump pulse relative to the f i rs t  pulse of the spectrome- 
ter within an interval *l sec. The oscillating systems of 
the spectrometer and of the pump block were either 
quarter-wave o r  half-wave coaxial resonators in paral- 
lel with inductance coils inside of which the sample was 
placed. The constant magnetic field was produced by 
Helmholtz coils and was applied in the easy plane. The 
resonant RF field and the pump field were also applied 
in the easy plane. 

The absolute value of the alternating magnetic field in 
the pump-resonator coil was calculated from the known 
geometric dimensions of the coil and from its dimen- 
sions, as well a s  from the volatge on the coil. The ab- 
solute calibration accuracy for the field amplitude was 
about 50%. 
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FIG. 1 .  Magnetic structure and polarization of the applied al- 
ternating fields @,--pump field, h,-resonant field). The z 
axis i s  directed along the difficult axis. 

EXPERIMENTAL RESULTS 

We examine f i rs t  the influence of parallel parametric 
pump on the nuclear echo signal. The measurements 
were made mainly a t  T = 77 K, in which case the NMR 
frequency was w Jan = 75 MHz. The pump field a t  the 
frequency 2w, was applied parallel to the constant field 
Ho, and the alternating field a t  the NMR frequency was 
polarized perpendicular to Ho (Fig. 1). The pump pulse 
was turned on a t  some instant of time prior to the in- 
stant of echo formation. In the general case, the echo 
signal was seen to decrease when a definite pump power 
was reached. We investigated the dependence of the in- 
fluence of the pump on the amplitude, duration, time 
position, and ca r r i e r  frequency of the pump pulse. 

Figure 2 shows the dependence of the echo intensity on 
the pump pulse amplitude a t  w, = 2w, under the condition 
that the pump pulse is turned on T =400 psec earl ier  
than the f i rs t  echo-forming RF pulse. As seen from 
Fig. 2 ,  the dependence has threshold whose value in- 
creases rapidly with increasing external magnetic field. 

To determine the value of the threshold, we plotted the 
echo intensity against the pump pulse duration 7, a t  a 
fixed delay and for several values of the pump-pulse 
amplitude (Fig. 3). The threshold was calculated with 
T H  extrapolated to infinity. Unfortunately, the measure- 
ment e r ro r s ,  due primarily to the small  signal/noise 
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FIG. 2. Dependence of the ordinary-echo intensity on the 
pump-field amplitude in unenriched FeBOS at T =  77 K, for var- 
ious values of the external constant field Ho: 1-100 08, 2- 
120 Oe, 3-160 Oe, 4-200 Oe, rH=6 ~ S W ,  ~ = 4 0 0  p-c, 71 
= 3 psec, T 2 =  6 psec, r I2=250  psec. (rl ,  T* ,  rH- are the re- 
spective durations of the first, second, and pump pulses). 
The inset shows the sequence of turning on the resonant and 
parametric (shaded) pllses . 

FIG. 3. Dependence of the intensity of ordinary echo on the 
duration of the pump pulse in an unenriched sample at Ho= 100 
Oe for different values of the pump field hHA- 3.7 Oe, o- 6.2 
Oe, e- 7.7 Oe. 

ratio for the echo and to the instability of the echo in the 
presence of the pump, made i t  possible to determine 
only the upper limit of the pump threshold hku< 1 Oe in 
an external magnetic field 120 Oe. The dependence of 
the influence of the parameteric pulse on the delay T is 
exponential with a time constant close to 100 msec. 

The plots of Figs. 2 and 3 were obtained for the case 
when the pump pulse was turned on first ,  and the pump 
frequency was equal to double the NMR frequency. At a 
detuning &5 MHz from the frequency 2w,, the character 
of the influence of the pump on the echo did not change 
qualitatively. However, to obtain identical effects i t  was 
necessary to apply much stronger pumps. 

Figure 4 shows the dependence of the pump threshold 
determined from the plots of the type shown in Fig. 2 on 
the detuning Awn = w, - 20, at a fixed pump-pulse dura- 
tion. At an appreciable detuning &wH/2n=15 MHz, when 
no action of the preliminary pump pulse was not observ- 
ed, the parametric pulse applied after the first  resonant 
pulse decreased the echo signal. The dependences of the 
echo intensity on the pulse duration and amplitude had 
the same character and character and characteristic 
scale as  the preliminary pump pulse without deturning. 
An influence on the stimulated echo pulse was observed 
only when the pump pulse was turned on between the 
first  and the second o r  after the third resonant pulse. 

The small  magnetic-field interval, 80-300 Oe, in 
which the measurements were made was due to the 
small signal/noise ratio of the echo in the 0-80 Oe re- 

d WH Z I C ,  MHz I 
FIG. 4 .  Threshold pump field in unenriched sample vs. the 
detuning of the pump frequency relative to the doubled NMR 
frequency: A u H = w H -  2wn, Ho=lOO Oe. 
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gion and to the strong increase of the required pump 
power in fields Ho > 200 Oe (Fig. 2). 

It should be noted that i t  was possible to observe in the 
experiment the influence of the parametric pumping not 
only at hHllHo but also at hHIHo. The resultant plots 
were approximately of the same form as  those shown in 
Figs. 2 and 3. 

In contrast to the earlier data,5 we succeeded in ob- 
serving an influence of the pump not only in enriched 
samples, but also in unenriched ones. It turned out that 
the pump threshold does not depend on the degree of en- 
richment, but is very strongly dependent on the sample 
quality-the maximum threshold i s  observed in the 
most perfect crystals. 

We consider now the behavior of the so-called para- 
metric echo. If a pump pulse is applied following the 
resonant RF pulse at exactly double the NMR frequency, 
it is possible to produce an echo signal a t  the instant 
271H, where 71, is the spacing between the pulses. The 
echo obtained with a similar experimental setupby Bun'- 
kov and ~ l a d k o v ~  on the 5 5 ~ n  nuclei in MnC03 was named 
parametric. We shall adhere to this terminology, al- 
though the nature of the parametric echo in our case is 
entirely different. 

FIG. 6. Dependence of the intensity of parametric echo in an 
enriched sample at T = 77 K on the pumpfield amplitude for 
different values of the magnetic field Ho: A- 100 Oe, o - 150 
Oe, - 200 Oe, dashed- 250 Oe, rH= 6 psec, TI,,= 250 w e c ,  71 

- 3  psec. 

The shaded region marks the measurement limits. 
Similar relations were obtained for unenriched samples, 
but no parametric echo could be observed in fields Ho 
> 200 Oe. 

With increasing delay between the resonant pulse and 
the pump pulse, the parametric-echo intensity decreases 
exponentially with a time constant T2 (500 psec for the 
enriched sample and 3 msec for the unenriched one). 

If the pump pulse is applied first  and the resonant 
pulse second, no echo signal is produced. It should be 

The behavior of the parametric echo correlates with noted in this connection that there is no induction after 
the pumping described above, as the pump pulse both in the case of action on a nuclear 
the following experiment (Fig. 5). The pump pulse is system a t  equilibrium and on a system edcited by a res- 
used (a) to suppress the ordinary echo, in which case i t  

onant radio pulse. Nor could a stimulated-echo signal 
is applied ahead of the resonant pulses, and (b) a s  a be obtained if  a t  least one of the three pulses was para- 
second pulse to produce the parametric echo. It is seen metric. In addition, the amplification characteris tic of 
from Fig. 5 that the appearance of a parametric echo parametric echo in crystals with large dynamic frequen- 
corresponds to the pump amplitude when a decrease of cy shift7 was absent. Under no conditions could be ob- 
the ordinary echo becomes noticeable. The conditions 

tain an exch amplitude larger than the induction ampli- 
for the observation of parametric echo on Fig. 5 were tude after the f i rs t  pulse. 
chosen to be optimal. The maximum intensity of the 
parametric echo i s  then equal to the intensity of the or- 
dinary echo. As a rule, however, the parametric echo 
is less intense than the ordinary one. 

Figure 6 shows plots of the parametric-echo intensity 
against the pump-pulse amplitude for an enriched sam- 
ples. The measurements were made a t  different values 
of the external magnetic field. The duration of the f i rs t  
pulse was 3 psec and was constant. The amplitude, 
however, was chosen to obtain maximum induction after 
the pulse. In fields Ho >200 Oe the intensity of the pa- 
rametric echo changes from triggering to triggering. 

Inasmuch as  the interpretation of the parametric phen- 
omena is subsequently connected with excitation of mag- 
netoelastic oscillations. Some additional experiments 
were performed. Thus, at 77 K the sample was placed 
in glycerine to decrease its acoustic Q factor. The 
pump threshold was increased thereby threefold. Cleav- 
ing the sample also raised the threshold. 

To estimate the lifetime of the oscillations induced by 
the pump pulse, we compared the action of a pump pulse 
of duration 7, and of two pump pulses of duration $7, 

and separated by an interval T .  It turned out that the ac- 
tion of two pulses (47, + +T,) becomes equivalent to the 
action of one pulse (7,) if T c 1 psec. 

INTERPRETATION OF RESULTS AND THEORY 

FIG. 5. Intensity of ordinary echo (0) and of parametric echo 
(0) vs. the pump field amplitude in an unenriched sample: 
Ho=lOO Oe,  r1=3 p e c ,  T ~ = T ~ = ~  psec, r12=r14=250 psec. 

To explain the parametric NMR phenomena observed 
in FeB03 namely parametric echo and excitation of the 
nuclear spin system by a pump pulse, the following mo- 
del can be proposed. During the time of action of the 
parallel pumping pulse, elas tic (more acurately, cou- 
pled magnetoelastic) oscillations a r e  excited, on account 
of the magnetoelastic interaction, a t  half the pump fre- 
quency. It is known that in this case the elementary ex- 
citations a re  generated by pairs with wave vectors k and 
-k and add up to form a standing wave or  a superposi- 
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tion of standing waves i f  the parametric-resonance con- 
ditions a re  satisfied for waves with different k. The 
magnetoelastic oscillations induce, via the hyperfine in- 
teraction, oscillations of the local fields a t  the nuclei, 
and consequently excite the nuclear spin system if the 
resonance condition wH/2 = w, is satisfied. This reso- 
nant excitation of the nuclear spin system is in essence 
spatially inhomogeneous in amplitude and in phase. The 
crystal breaks up into regions of approximately equal 
volume (provided that the sample dimensions a r e  much 
larger than the elastic-oscillation wavelength), in which 
the phases of the local RF fields a re  shifted1) by n. This 
inhomogeneous out-of-phase excitation leads to a num- 
ber of singularities in the observation of the pulsed re- 
sponses of the nuclear system. For example, aparame- 
tric pulse produces no induction o r  stimulated echo, but 
does give r ise  to a two-pulse echo. In our case this echo 
is produced by the Hahn mechanism. The action of a 
preliminary parametric pulse on an ordinary echo signal 
is due to the decrease of the z-projection of the initial 
nuclear magnetization. 

Ozhogin and ~ a k u b o v s k i i ~  presented a quantum-mech- 
anical analysis of the general case of parametric excita- 
tion of magnetoelastic oscillations in paralle 1-pumped 
weak ferromagnets and obtained an expression for the 
parametric-instability threshold. In our case i t  must be 
recognized that the frequency of the excited modes is 
much lower than the frequency of the antiferromagnetic 
resonance (AFMR): 

w.=w.,, (1) 
w. ,=y . [H(H+Ho)  +2H,Ii.]", (2) 

where HE, HD, and Ha a re  the effective exchange and 
Dzyaloshinskii magnetic fields and the anisotropy field in 
the easy plane. 

To describe parametric excitation of magnetoelastic 
oscillations we s t ra t  from the following expression for 
the magnetostriction energy8*'': 

G G F = L,L,u., + 4 L&u4 
Mo Mo 

(3 

where Gi and G2 a r e  the magnetostric tion constants, Mo 
is the magnetization of the sublattice, u is the strain 
tensor, the x and y axes a re  directed along M =Mi +M2 
and L =MI - M2 (Fig. I ) ,  and the z axis coincides with 
the difficult axis. We have retained in (3) the terms re- 
sponsible for the interaction of the elastic degree of 
freedom with only the low-frequency spin-wave branch 
(in our case, we, << wez). In addition, i t  is assumed that 
the sample is saturated and the external field is directed 
along a twofold axis in the easy plane. 

The magnetoelastic interaction (3) leads to a "mutual 
repulsion" of the elastic branches and of the spin-wave 
branch, and subject to condition (1) we obtain for the 
lower branch of the magnetoelastic oscillations 

where wo is the unperturbed frequency of the elastic os- 
cillations, SZ&) SIB' 8 y , ~ i / ~ o c ,  (i = 1.3) i s  the characteristic 
frequency of the repulsion of the magnetoelastic branch- 
es, and c, and c3 a r e  suitable combinations of the elastic 
constants. 

The frequencies of the normal modes of the elastic os- 
cillations (4) or  the speed of sound ( o  =vk)  thus depend 
on the applied magnetic field via the AFMR frequency 
(2). This makes possible parallel pumping: 

a m  
w ( t )  =o (no) + - hn cos otrt. a 8, 

Modulation of the external field (5) when the threshold is 
exceeded, h ,  > h p ,  leads to parametric instability for 
those normal modes of the magnetoelastic oscillations, 
for which the paramagnetic- resonance condition w = w,/2 
is satisfied. The parametric excitation is described by 
a Mathieu equation (see, e.g., Ref. lo), one of the solu- 
tions of which constitutes exponentially growing oscilla- 
tion s . 

For the exponential growth rate of the amplitude of the 
magnetoelastic oscillations (for the normal mode with 
frequency w) and for the threshold of the parametric in- 
stability we obtain, introducing the damping a,  

The magnetoelastic oscillations produce an inhomogen- 
eous local R F  field a t  the nuclei, with a value determin- 
ed by the expressiongb 

where w,!,:) ==?/,G,/M, and H, =AMo is the constant hyper- 
fine field. 

For numerical estimates we can use the results of 
Ref. 11, from which we get in a constant field Ho = 120 
Oe the values 11 = + a w / a ~ ,  =0.2.106 rad/sec-0e and G3 
=14x lo6 erg/cm3. Using these values and assuming a 
damping a =lo6  sec", we obtain the threshold value h p  
= 5  Oe, which is of the same order as  the experimental 
hb! = 1 Oe. Using Eq. (7) and the dependence of hp on 
the detuning Aw, (Fig. 4), we can also estimate the pa- 
rameter Q =  (1 - 2) x106 rad/sec-0e. From (10) we find 
that elastic oscillations with Ilull- lo6  a re  needed to ro- 
tate the nuclear magnetization through an angle t?= n/2 
in a time 7 = 1 p e c .  

For the constant Gl responsible for the excitation of 
modes with strain-tensor components in the easy (x,y) 
plane there a re  no reliable data. If G, > G3, then i t  is 
just these modes which a re  observed under parametric 
pumping; This can explain some discrepancy between 
the cited estimates and the experimental results. 

As noted earlier,  during the time of the pump pulse 
the RF field a t  the nuclei is of the standing-wave type. 
At a distance equal to half the wavelength the phase 
shifts jumpwise by n. Thus, i f  a sufficiently large num- 
ber  of half-waves f i t s  inside the crystal, then the num- 
ber  of spins acted upon by the field with phase (f will 
approximately coincide with the number of spins acted 
upon by a field with phase cp + 7. If we disregard the 
spatial inhomogeneity of the RF field amplitude, which 
affects only the dependences of the amplitudes of the 
pulsed responses on the duration and amplitude of the 
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pump, then we can use a simple model that describes 
the singularities of such a symmetrical inhomogeneous 
excitation of the nuclear spin sys tem The nuclearspins 
can be broken up into two parts, which a r e  acted upon 
during the time of the pump pulse by out-of-phase RF 
fields during the time of the pulse, and by in-phase 
fields during the time of action of an ordinary resonant 
pulse. If a sequence of resonant and parametric pulses 
act on such a system, then we obtain in each part in- 
duction signals as well a s  signals of the Hahn two-pulse 
echo type and of the stimulated echo type. The receiv- 
ing system, however, senses only the combined signal. 
After this addition there a re  left only the in-phase sig- 
nals, and the out-of-phase signals cancel each other. 
Therefore a parametric pulse does not produce an in- 
duction signal. The phase of the two-pulse Hahn echo is 
given by cp =-pi + 2cp2 + cp,, where cp, and cp2 a re  the 
phase shifts of the first  and second pulses. Therefore 
if the second pulse is parametric, then its echo will be  
observed, since the phase shift of the echo in the f i rs t  
region is cp, and in the second cp +2n. The phase shift 
of the stimulated echo is equal to cp = -cp, + cp, + cp,+ cp,, 
and consequently if one of the three pulses is parame- 
tric, no stimulated echo is observed, inasmuch a s  in the 
first  region the phase shift is cp and in the second cp *n. 
If the number of pulses is two, however, then the stim- 
ulated echo will have the same phase in both parts of the 
sample. The last statement is valid only in the case 
when the two parts in each parametric pulse the break- 
ups into two parts coincide, i.e., the standing waves 
have the same configuration. If there is no correlation 
in these breakups, then the second parametric pulse can 
not reconstruct the stimulated echo. 

A more rigorous analysis can be carried out by using 
the formalism of the Cayley-Klein parameters (Y and @!2 

The transformation cp, -- cpt + n corresponds to the pa- 
rameter transformation 

ac+ac, Bt+-p,. (11) 

For example, the complex amplitudes of the induction, 
two-pulse, and stimulated echo signals a r e  given by 

-2a1p1, 2ai'p1'pzz, al.$l'al'$za~B~. (12) 
Using the transformation (12), we easily determine the 
pulse responses that a re  preserved and those that van- 
ish (are cancelled) for any sequence of resonant and pa- 
rametric pulses (Fig. 7). 

We have considered above the manner in which the 
echo is formed by ordinary resonant and parametric 
pulses. His model, however, can always be used in the 
presence of alternating-field resonant pulses acting out 
of phase on two equal spin volumes, i.e., the considered 
scheme is of interest in itself. 

DISCUSSION 

The presented interpretation and estimates explain, on 
the whole, the principal observed effects. The most im- 
portant results reduce to observation, with the aid of 
NMR, of parametric excitation of magnetoelastic oscil- 
lations, and to observation of spatially inhomogeneous 
excitation of a nuclear spin system. At the same time, 
certain details have not yet been explained. In particu- 

FIG. 7. Diagram illustrating the model of symmetrical inhom- 
ogeneous excitation. The echo signals are shown for various 
sequences of the resonant (light) and parametric (dark) pulses. 
The echo signals that could not be observed in experiment 
are marked. 

lar ,  some of the echo signals admissible by the scheme 
of Fig. 7 have not yet been observed in experiment, al- 
though there a re  no examples in which echo signals for- 
bidden by this scheme have been observed. This cir-  
cumstance may indicate that the conditions for the exci- 
tation of magnetoelastic oscillations a r e  not reproduc i- 
ble from pulse to pulse, and that several modes a r e  
excited simultaneously. That the initial conditions of 
the parametric excitations a re  not reproducible i s  in- 
dicated, in particular, by the experimental observa- 
tion of instability of the amplitude of the parametric 
echo from on triggering of a train of pulses to  another 
(Fig. 6). 

There is no unambiguous explanation for the low inten- 
sity of the ordinary echo signal in weak external fields.' 
It should be noted that this fact is  observed a s  a rule in 
samples in which parametric oscillations a re  easily ex- 
cited. It is possible that the low intensity of the signals 
in samples having a domain structure is due to excita- 
tion of magnetoelastic oscillations on account of the mo- 
tion of the domain walls. In this case, under unfavorable 
conditions, the phase relation of the echo is violated and 
the signal weakens, but i t  can be assumed that under 
favorable conditions the wall motion produces in the do- 
main magnetoelastic oscillations that lead to formation 
of an echo from the nuclei in the domains, although the 
external RF field will excite the domain walls directly. 

In this article we hardly touched upon experiments on 
the influence of nonresonant parametric pumping. We 
note only that in the case of large detuning Ao, parame- 
trically excited magnetoelastic oscillations can upset the 
echo phasing conditions on account of the additional in- 
homogeneous local fields, and can lead also to strong 
acceleration of the irreversible transverse relaxation, 
an effect similar to the previously investigated influence 
of parametric pumping of spin waves on NMR in 
Y ,FE50,,.13 

An essentially new group of phenomena is to be ex- 
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pected in research a t  low temperatures. The point is 
that for liquid-helium temperatures and below, account 
must be taken, in the formation of echo signals, of the 
influence of the dynamic frequency shift and of the non- 
linear effect due to the high intensity of the nuclear sig- 
nals in FeBOs, particularly in signals enriched with the 
magnetic isotope 5 7 ~ e .  The f i rs t  experiments perform- 
ed by us have indeed shown that parametric pumping 
takes place a t  T =4.2 K, but no parametric echo is ob- 
served. 

We wish to note in conclusion that the here-revealed 
possiblility of investigating magnetoelastic oscillations 
with the aid of nuclear echo may be quite useful for the 
determination of the magnetoelastic constants a s  well a s  
to study the above-threshold state in parametric excita- 
tion. 

The authors thank A. P. Paugurt for helpful discus- 
sions and for help with the experiments. 
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The action of electromagnetic radiation on the static hopping conductivity of disordered systems, due to the 
change of the hopping probability in the radiation field, is considered. The model of a weakly doped 
compensated semiconductor is used. Expressions are obtained for the relative change of the conductivity, with 
multiphoton processes taken into account. 

PACS numbers: 72.40. + w 

1. At sufficiently low temperatures the conductivity 
of certain disordered systems, such as doped com- 
pensated semiconductors, amorphous semiconductors, 
and others, is due to carr ier  transfer between loca- 
lized states (called hopping c o n d u c t i ~ n ~ ~ ~ )  (see also 
Refs. 3 and 4). In view of the random scatter of the 
scatter of the energies of the localized states, the 
transfers of carr iers  between them a re  inevitably ac- 
companied by absorption or emission of acoustic pho- 
nons. If, however, the system is the field of electro- 
magnetic radiation, then photons participate in the 
carr ier  transfer rather than phonons, and this produces 
a pho t~cur ren t .~  For a monochromatic wave, how- 
ever, owing to the indicated scatter of the localized- 
state energies, the contribution to  the conductivity 
from the hops in which only photons take part is small 
compared with the contribution of the hops stimulated 
simultaneously by photons and phonons. The influence 
of these processes on the static hopping conductivity in 

the region of relatively low frequencies of the radiation 
was investigated in Ref. 6, and the method proposed 
there makes it possible to take multiphoton processes 
into account. 

Hopping conduction was observed experimentally in 
extremely purified and compensated n-InSb.' A de- 
tailed exposition of the results of that study is con- 
tained in Ref. 8. The authors describe their own in- 
terpretation of the observed photoconductivity, but they 
use some phenomenological parameters (e.g., the time 
that the electron participates in the photocurrent, the 
light absorption coefficients) whose connection with the 
characteristics of the semiconductor has not been es- 
tablished. In Refs. 9 and 10 was investigated hopping 
photoconductivity of strongly doped uncompensated 
semiconductors, and also of amorphous semiconductors 
in the band-bending model. The photoconductivity con- 
sidered in Refs. 6, 9, and 10 is due to the change of the 
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