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The system of parametric nuclear spin waves ( NSWs) in the region of "hard" excitation was 
investigated in detail. The effect of the modulation of the magnon spectrum at the thresholds for 
appearance (h,, ) and quenching (h, ) of parametric magnons were studied under conditions of 
parallel pumping. It was found that the peak at the threshold h,, with pump frequency vp z 780 
MHz is due to the resonance absorption of magnons by defects having a transition frequency 
v,, z 390 MHz, while hard excitation of NSWs is governed by the turning off of the 
corresponding relaxation mechanism when transitions with frequency vp/2 are saturated. The 
relaxation time of the defects responsible for the hardness was measured under conditions of weak 
and strong excitation of nuclear magnons. Simultaneous measurements of the antiferromagnetic 
and nuclear magnetic resonance spectra were performed under conditions of excitation of NSWs. 
It was determined that in the case when parametric excitation of NSWs decreases the nuclear 
magnetization and the nuclear subsystem is in a state of flux equilibrium, the spectra of the 
coupled electronic-nuclear oscillations are not described by the theory of de Gennes et al. [Phys. 
Rev. 129,1105 ( 1963) 1. 

In weakly anisotropic antiferromagnets a new branch of 
coupled oscillations of electronic and nuclear spins-nu- 
clear spin waves (NSWs)-arises as a result of the hyperfine 
interaction between the nuclear spins and electronic shells of 
the magnetic ions.' The frequencies of these oscillations lie 
in the NMR frequency range (v, <700 MHz for 55Mn nu- 
clei) and at wave-vectors k( lo6 cm - '. 

Inhomogeneous oscillations of this branch of NSWs or 
magnons can be excited parametrically by applying to the 
sample a microwave magnetic field h cos a p t  parallel to a 
static magnetic field H. When the amplitude of the micro- 
wave field exceeds some critical value h,, parametric insta- 
bility with respect to the decay of a microwave pump photon 
into two magnons with frequencies o, = op/2 and with 
equal and oppositely directed wave vectors k and - k devel- 
ops in the sample. The critical amplitude of the microwave 
field is related linearly with the relaxation r of the excited 
NSWs (magnons), h, V = I', where V is the coupling con- 
stant between the magnons and the pump field., 

Investigation of parametric excitation of nuclear mag- 
nons in CsMnF, showed3 that the excitation in the region of 
pump frequencies w, / 2 ~  = vp = 7W-900 MHz is hard: 
There exist two threshold fields h,, and h, (h,, > h,, ), cor- 
responding to appearance and quenching, respectively, of 
parametric magnons. The frequency dependence of the 
hardness parameter 

was investigated in Ref. 4. It  was found that <(vp) has a 
pronounced resonance character, and to within 2 MHz the 
position of the peak corresponding to vp = 782 + 2 MHz is 
independent of temperature and does not vary from sample 
to sample, though the quantity does vary. The fact that < 
varies from sample to sample indicates that the observed 
phenomenon is caused by defects in the crystals. 

The hardness can be explained by the following qualita- 
tive arguments. Suppose that some defect in the specimetl 

consists of a two- or multilevel system with characteristic 
transition energy E = h p / 2  (or hp ). Such a system can 
absorb magnons (pairs of magnons) resonantly and in the 
process pass into an excited state. However, when the num- 
ber of parainetric NSWs is large the system becomes satu- 
rated (the difference of the populations of the levels is equal 
to zero) and the magnon damping decreases. Such "negative 
nonlinear damping" could become responsible for the hard 
character of the excitation of NSWs. Then the physical pa- 
rameter characterizing the hardness will be not < but rather 
the turning-off part of the relaxation AI' = (h,, - h, ) V. 

Although at the present time this is virtually the only 
qualitative model that can explain the hardness of NSWs, it 
has still not been confirmed experimentally. For this reason, 
the aim of the present work was to investigate in detail para- 
metric excitation and relaxation of nuclear magnons in the 
region of hard excitation. 

EXPERIMENTAL PROCEDURE 

Parametric NSWs were excited by parallel microwave 
pumping with frequencyop/2a = 700-900 MHz. A 
CsMnF, single crystal with a volume of 10-20 mm3 was 
placed at the center of a spiral copper resonator 9 mm in 
diameter (Fig. 1 ), which was essentially a half-wave dipole 
coiled into a spiral. An antenna was used for input coupling 
with the resonator. At critical input coupling the loaded Q at 
liquid-helium temperatures was equal to Q, - 500. The mi- 
crowave magnetic field of the resonator was directed along 
the axis of the spiral. A modulation coil 20 mm in diameter 
was wound coaxially with the resonator, and a signal, which 
sinusoidally modulated the static magnetic field at a fre- 
quency am/2n- = 1-700 kHz, was fed into the modulation 
coil. Weak modulation of the magnetic field was employed 
to record the parametric excitation, and strong modulation 
was employed to investigate the effect of modulation on the 
pumping threshold and on the supercritical behavior of the 
magnons. In most experiments the static field was directed 
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FIG. 1. Schematic diagram of the absorbing cell and the direction of the 
magnetic fields relative to the C, axis of the crystal: I )  Spiral resonator, 2) 
loop, 3 )  modulation coil, 4) sample, 5,6, 7) coaxial waveguides from the 
pump generator, the receiving channel, and the probe-pump generator, 
respectively. 

along the resonator axis, i.e., the condition H I h I H, was sat- 
isfied. 

A probe pump was applied to the sample in addition to 
the main pump. For this, a loop, which shorted the coaxial 
cable connected with the probe-pump generator, was insert- 
ed at the center of the resonator. The plane of the loop was 
parallel and the microwave magnetic field generated at the 
sample by the loop was perpendicular to the resonator axis 
and the main pump field (h,lh I(H). At this geometry of the 
experiment the loop has virtually no effect on the Q of the 
resonator, and this made it possible to study the response of 
the sample to two microwave fields. The probe-pump fre- 
quency was varied in the range wp,/2a = 2W9000 MHz. 
The signals from all microwave generators were detected 
with an antenna connected to a receiver and a crystal detec- 
tor. 

In individual cases it was necessary to increase the am- 
plitude of the probe pump and to increase the sensitivity of 
the receiving circuit to the signal generated by probe gener- 
ator and absorbed by the sample. Then the coaxial line, 
shorted by the loop, was disconnected from the generator 
and they were coupled with the help of a capacitor soldered 
to the central conductor. The coaxial resonator created in 
this manner with the loop at the end had a natural frequency 
of the order of 150 MHz, so that the higher-order harmonics 
of the resonator were employed. The frequency of the reso- 
nator could be tuned over wide limits with the help of a 
variable-length line placed in the resonator. At frequencies 
of the order of 800 MHz the Q of this resonator was 
QL - loo. 

The modulation response of the sample was used to re- 
cord the parametric excitation of the nuclear magnons. As 
shown in Refs. 3 and 5, when the energy spectrum of spin 
waves is modulated by an oscillating magnetic field 
H, cos(w,t) the microwave pump signal which passes 
through the resonator is modulated at the frequency w,. 
The modulation response and hence also the parametric ex- 
citation of the magnons were recorded with a spectrum ana- 
lyzer placed at the output of the microwave receiver. 

The values of the microwave field h in the spiral resona- 
tor were calculated from the microwave power fed into the 
resonator, the Q of the resonator, and the input ~oup l ing .~  
The value of h, was determined with an absolute error of 
25%; the relative error did not exceed 2%. 

In the experimental investigation of the effect of para- 
metric excitation of NSWs on the antiferromagnetic reso- 

nance (AFMR) spectrum the signal of the probe pump at 
the frequency wp,/2a = 6-9 GHz was detected with a crys- 
tal detector and recorded on an X-Y plotter as a function of 
the dc magnetic field. 

The CsMnF, sample was oriented in the measuring cell 
in a manner (Fig. 1) so that the principal axis C, of the 
sample was oriented vertically and all oscillating magnetic 
fields and the static magnetic field lay in the basal plane of 
the crystal, which is also the easy-magnetization plane. 

EFFECTOF MODULATION ON THE PUMPING THRESHOLDS 
UNDER CONDITIONS OF HARD EXCITATION OF NSWs 

In the first series of experiments we studied the effect of 
the modulation of the NSW spectrum on the thresholds h,, 
and h,,. According to the the effect of the modu- 
lating field Hm cos w, t on the parallel-pumping threshold 
under conditions such that wp/2a$- w, /2a > 2 r  and 
h,/h, - 1 4  1 is described by the expression 

Here h, and h, are the threshold fields in the absence and 
presence of modulation, respectively. 

If the hardness is explained with the help of the model of 
the "switchable part of the relaxation," then it should be 
expected that the effect of modulation of the threshold fields 
h,, and h, will be different because the magnon relaxation 
rate is different at the moment these thresholds are mea- 
sured: 

It is obvious that the effect on the threshold h,, should be 
much smaller than the effect on the threshold hc2. In addi- 
tion, the effect of modulation on the threshold is a maximum 
when vm -2r,7 i.e., themaximum of (h,/h, - 1) as a func- 
tion of vm makes it possible to estimate the relaxation rate of 
the excited waves which corresponds to both pumping 
thresholds. 

The experiments showed that the effect of H, on the 
thresholds h,, and h,, is significantly different and that this 
difference increases with increasing ratio h,, /hc,, which can 
be easily controlled by varying the temperature or pump fre- 
quency. The fact that I?, is different from r2 has the effect 
that for modulation amplitudes such that the relative in- 
crease in the threshold h,, is still small, the strength hc, of 
the main pump increases so much that combinational pump- 
ings of nuclear magnons at the frequencies 
w, + w,, f 2wm, and so on, whose thresholds are found to 
be lower than the threshold of the main pump, start in the 
samples. This effect is manifested in the fact that maxima 
corresponding to the limits of existence of different pumps 
appear in the ratio hC,/h,,, as a function of the maximum 
frequency v, (Ref. 7) .  

Figure 2 shows the experimental results for the relative 
increase in the thresholds h,, and hc2 under conditions of 
comparatively low hardness, i.e., for hc,o/hc20 = 2.16. In the 
hardness model considered here this means that the ratio of 
the relaxation parameters is the same. Figure 2 confirms the 
model of turning-off part of the relaxation, since both the 
relative increase of the pumping thresholds and the positions 
of the principal maxima in the frequency dependences of the 
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FIG. 2. Effect of modulation on the pumping threshold in the region of 
low hardness: h,,o/h,20 = 2.16; v, = 779.37 MHz, T = 4.2 K, H = 0.725 
kOe, H, = 2.8 Oe; 0 - h ,  , C h , ,  . 

thresholds agree satisfactorily with the values of r, and r, 
calculated from the thresholds h,,, and h,, : T, = 173 + 43 
kHz and r, = 80 + 20 kHz. 

The study of the effect of the modulation of the energy 
spectrum of NSWs under conditions of high hardness gives 
an even more striking picture. Figure 3 shows these results in 
the case h,,,/h,,, = 5.65. The colossal difference in the 
magnitude of the effect of modulation on the thresholds h,, 
and h,, and in the position of the maxima also correspond to 
the relaxation rates calculated from the two threshold fields. 

Thus the existence of two threshold fields is indeed due 
to the decrease in the relaxation rate of parametrically excit- 
ed nuclear magnons. This completely confirms the negative 
nonlinear damping hypothesis. 

We also note the following detail. For high modulating- 
field frequencies v, 2500 kHz a high modulation amplitude 
H, gives rise not to an increase but rather a decrease of the 
parametric-excitation threshold h,, . This evidently happens 
because the relaxation rate of magnons with frequency 
(aP + W, )/2 is significantly (by more than a factor 2) low- 
er than the relaxation rate of magnons with frequency wp/2, 
which correspond to maximum hardness. As a result, com- 
binational pumping starts at a lower amplitude of the micro- 
wave magnetic field than the main pumping. Therefore in 
this case we measure the effect of modulation not on h,,, but 
rather on the threshold of combinational pumping. This 
phenomenon has not been observed before, since it can arise 

FIG. 3. Effect of modulation on the pumping thresholds in the region of 
high hardness: h,,,/h,, = 5.65; v, = 778.7 MHz, T =  1.76 K, H = 1.08 
kOe; H,,, = 1.96 Oe; 0 - h , ,  C h , ,  . 

only if the maximum in the relaxation of the excited waves is 
very sharp. 

Aside from the effect of the field H, on the pumping 
thresholds, we also observed a number of new effects asso- 
ciated with the effect of modulation on the supercritical be- 
havior of parametric magnons. 

It is well known that when the modulating-field ampli- 
tude H, cos(w, t )  is large, a response at the frequency 
w,/2 appears together with a modulation response at the 
frequency w, at a given threshold. This effect was first ob- 
served in yttrium-iron garnet6 and has been termed double 
parametric resonance. In Ref. 7 it was shown that in the 
system of parametric nuclear magnons in CsMnF, there ex- 
ist several regions in the (h,H, ) plane in which signals are 
observed simultaneously at w, and w,/2 (the measure- 
ments were performed at w, = 2 ~ ~ 8 0  kHz. As H, is in- 
creased a transition to chaotic behavior can theoretically oc- 
cur through successive period doubling of the  oscillation^.^ 
In Ref. 7, however, the transition to chaos occurred above 
the threshold of double parametric resonance without the 
appearance of subharmonics at the frequencies w, /4, w, /8, 
etc.; this is apparently attributable to the effect of fluctu- 
ations. 

In the present work we were able to observe in the spec- 
trum of a microwave signal which has passed through the 
resonator signals with frequencies w, /2, w, /4, and w, /8 
and even a modulational response with frequency w, /3. The 
fundamental difference from Ref. 7 lies is that these signals 
were observed only at low modulation frequencies v, < 3  
kHz (the largest number of subharmonics appearing simul- 
taneously was observed at the frequency v, = v* = 2 kHz), 
i.e., when the modulation period is much shorter than the 
lifetime of parametric waves r, - 10 - s ( T = 1.76 K )  and 
the inverse frequencies of the collective oscillations. Thus, in 
contrast to Ref. 7, where a dynamic regime of transition to 
chaos (Feigenbaum's scenario) was observed, in the present 
case chaos apparently develops in a manner similar to hydro- 
dynamic turbulence. 

Another interesting effect associated with the anoma- 
lous behavior of the system of NSWs at the frequency v* was 

FIG. 4. Spectrum of the modulation response of the system of NSWs near 
the frequency w , / 2  in the presence of two modulating fields with close 
frequencies: a,, = 28.60 kHz and w,, = 28.64 kHz. The spectra 1-4 
correspond to different modulation amplitudes; the modulation increases 
from the first to the fourth spectrum. T =  1.82 K, H =  1 kOe, 
o, = 28.779.2 MHz, H,, z H m 2 .  
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observed when two modulating signals at frequencies of the 
order of the frequency of the collective oscillations vml = 60 
kHz and vm2 = 64 kHz, such that (vm2 - vml )/2 zv*,  were 
applied to the sample. As the amplitudes H,, and Hm, were 
increased, signals at vml /2 and vm2/2 appeared first at a 
certain threshold (curve 1 in Fig. 4).As the amplitudes were 
increased further, a signal with frequency (vm, 
+ vm2 )/2 = 3 1 kHz was added (curve 2). As Hm increased 

this signal increased and the double-resonance signals van- 
ished at a certain threshold (curve 3). When Hm was raised 
above the next threshold value, the modulational response 
with frequency (vml + vm2 )/2 vanished, but near this fre- 
quency there appeared an entire series of signals, separated 
by f kHz from the frequencies vml /2 and vm2/2. We note 
that all these effects are associated with the hardness, since 
they exist only in the region of hard excitation of NSWs. 

INVESTIGATION OF THE HARDNESS PARAMETERS 

Since investigations of the effect of modulation on the 
pumping thresholds confirmed the proposition that the 
hardness of parametric excitation of nuclear magnons is 
caused by negative nonlinear damping, we focus in the hard- 
ness study below on measurements of the shutoff part of the 
relaxation of nuclear magnons. 

We investigated in detail the frequency, field, and tem- 
perature dependences of the negative nonlinear damping. 
The frequency dependence of AT was measured in a tunable 
coaxial resonator. Figure 5 shows the frequency dependence 
of the shutoff part of the nuclear-magnon relaxation rate AT 
in one of the CsMnF, samples at a fixed magnetic field H. A 
similar dependence constructed for a fixed magnon wave 
vector k is virtually identical to that shown in Fig. 5. On the 
basis of the model under study, the width of the peak of the 
temperature dependence AT(T) can correspond either to 
the defect relaxation rate or to the frequency distribution of 
defects near v,,, z 39 1 MHz. Since the width of the peak in 
the hardness 6 is virtually temperature inde~endent,~ in the 
first case this would mean that the lifetime of the excited 

AT,  kHz 

FIG. 5 .  Frequency dependence of the turning-off part of the relaxation in 
CsMnF,. T =  1.86 K, H = 0.8 kOe. 

FIG. 6. a)  Hardness parameter = h,, /ha - 1 as a function of the tem- 
perature at the peak of the frequency dependence of A r  at H = 670 Oe; b) 
temperature dependence of the turning-off part of the relaxation Ar; 
H = 670 Oe, v, = 780 MHz. 

defect is independent of T, which is unlikely. 
Figure 6 shows for comparison the temperature depen- 

dences of both the parameter { and the shutoff part of the 
relaxation AT at maximum hardness. It was found that as 
the temperature increases < decreases while the shutoff part 
of the relaxation increases, and AT cc Tin a significant frac- 
tion of the temperature range studied. The quantity AT 
passes through a maximum at T z  3.5 K. The possible cause 
of the incipient decay of AT at high temperatures could be 
that the difference in the defect-level population decreases 
with increasing temperature and that these levels no longer 
contribute to the magnon damping. 

The quantity AT depends quite weakly on the magnetic 
field H (Fig.7a). If these results are replotted in coordinates 
AT(k), we find that the shutoff part of the relaxation in- 
creases with increasing magnon wave vector (Fig. 7b), as is 
characteristic for interaction of NSWs with 

A / ;  kHz 

20 
o 0.5 I.0 H, kOe 

A <  kHz 

FIG. 7. a )  Turning-offpart of therelaxation AT versus the magnetic field. 
T = 1.93 K, v, = 784 MHz; b) same dependence in A r  ( k )  coordinates. 
k is in the lo5 cm- ' units. 
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HARDNESSSHUTOFF BY SATURATION OF DEFECTS BY pr 
MICROWAVE PROBE RADIATION 

To obtain additional information on the nature of the 
hardness and on the phenomena occurring in the magnetic , i a  
system, we performed a series of measurements in which, 
aside from the main pumping with frequency vp ~ 7 8 0  MHz, 
a microwave probe was applied to the sample. 

In the first run of experiments the frequency v,, of the 
probe pump was of the order of v,. The microwave magnetic 
field of this pump was perpendicular to the constant field 
(h,,lH). When the condition v,, = vp/2 was satisfied, the 
second pump significantly affected the threshold h,, of the 
main pump. This effect started at amplitudes 
h,, - 3.10 - 4hc1 . As the probe-pump power P,, increased 

l i b  
the threshold h,, decreased, approaching the value h,, , i.e., 
the shutoff part of the relaxation AT approached zero (Fig. 
8).  No effect of the probe with frequency v,, = vp/2 on the 

, w 

I I I I I 

776 780 Vp 784 788 
2v,,, MHz 

threshold field h,, was observed. 
FIG. 9. Probe-pump power necessary for exciting magnons with frequen- 

The decrease can be On the basis the cy vk = vp/2 = 390.35 MHz as a function of the probe-pump frequency 
proposed model by assuming that the populations of the lev- for different main-pump amplitudes h: h /h,, = 0.4(A),  0 .44(0) ,  
els of the defects with activation energy e = h,, = Iiwp/2 0.88(0).  T =  1.5 K , H =  IlzoOe. 

become equalized. The AT(P,, ) dependence is not contin- 
uous. Two strong jumps of P,, are observed at T = 1.5 K. At 
the jumps, the power P,, increases abruptly by a factor 10- 
40 for some values A r  = AT,. For example, very-low-pow- 
er microwave radiation saturating the levels of the defects is 
sufficient to reduce the negative nonlinear damping of 
NSWs from AT to some value AT, =0.2AT, but to reduce 
AT below A r b  the probe power P,, must be increased ab- 
ruptly by a factor of 40 (P,, <PC, as before) .This circum- 
stance suggests that the system of defects responsible for AT 
has a quite complicated structure, including several charac- 

A T ,  kHz 

FIG. 8. Turning-off part of the relaxation as a function of the probe pump 
power with frequency v,, = vp/2 = 391.00 MHz; 0-T= 4.2 K ,  
H = 750 Oe; C T  = 1.5 K,  H  = 1 120 Oe. The arrows mark the values of 
Ar for P,, = 0. 

teristic relaxation times. We note that the field amplitude 
h,  = (I?, + AT,)/V is the threshold below which the sta- 
tionary state of parametric magnons becomes unstable, i.e., 
low-frequency self-excited oscillations exist, and in addition 
the threshold h, is not related with the presence of the probe 
pump field. 

When the frequency v,, is shifted from vp/2 the effect 
on the threshold decreases rapidly. The experiment was per- 
formed as follows. The power P,, at fixed vp, v,,, and 
h (h,, - h - h,, ) was increased continuously until pumping 
started. The value of P,, was measured. Next, the frequency 
v,, was changed and the power P,, corresponding to it mea- 
sured. Thus P,, in Fig. 9 is the power required to lower the 
threshold h,, to the value h, i.e., the power required to turn 
off some fixed part 

of the relaxation of the nuclear spins. The resonant character 
of the effect of P,, on h,, can be seen clearly. Just as in Fig. 8, 
a strong jump in the power (by two orders of magnitude)is 
observed when h /h,, is changed from 0.40 to 0.44. 

If it is assumed that the linewidth at the level 2P,,,, 
characterizes the characteristic relaxation rate of the defect, 
then we obtain the values Av(T = 4.2 K )  ~ 2 0  kHz and 
Av(T = 1.5 K )  z 10 kHz. We note that these values are sig- 
nificantly (by two orders of magnitude) smaller than the 
width A r  of the peak in Fig. 5; the latter width is probably 
determined by the frequency distribution of the defects. 

In Fig. 9 it is obvious that the line P,, (v,,) exhibits 
some asymmetry and its width increases with increasing h. 
The observed broadening is apparently explained by the fact 
that defects having a transition frequency v,, absorb some of 
the power P,, and then emit magnons whose frequency 
changes slightly after a series of quasielastic" interactions 
with fluctuations of the nuclear magneti~ation'~." (they 
"diffuse" over the NSW spectrum) and which are once 
again absorbed by defects, but now with different frequen- 
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cies, including also vp/2. This results in saturation of the 
defects not by the probe pump, but rather by the secondary 
magnons. Since one defect can emit T, magnons per sec- 
ond (TI is the lifetime of the excitation of a defect), the 
number of such secondary magnons is limited, so that their 
contribution to the decrease in AI' is most noticeable for 
h- h,, , i.e., when the subsystem of defects with frequency 
vp/2 need be saturated only partially to realize parametric 
excitation of the magnons. 

The effect of probe radiation with frequency v,, = vp 
on the pumping thresholds was also investigated. It was ob- 
served that this radiation has a small effect on both thresh- 
olds, but the effect becomes appreciable only when the 
probe-pump amplitude h,, is equal to the amplitude of the 
main pump. It is natural to conjecture that the effect of P,, 
on the thresholds h,, and h,, is governed by the presence of 
the projection of the field h,, on the direction of the static 
field H, i.e., the effect of P,, on the thresholds is a conse- 
quence of the fact that the main pump power is increased 
with the help of an additional microwave generator and not 
by saturation of defects by the probe pump. 

We note that the effect of the additional irradiation on 
the hardness of the parametric excitation was investigated 
previously for electronic spin waves in CsMnF, (Ref. 12) 
and in the weak ferromagnet FeBO, (Ref. 13). In addition, 
it was observed in Ref. 12 that parametric magnons with 
frequency up, 1'2 affect the hardness of a pump with frequen- 
cy w,, if the frequencies of the excited magnons do not differ 
by more than 1.5 GHz. This result is superficially reminis- 
cent of the result obtained in the present work, but the hard- 
ness is shut off not because of direct saturation of defects by 
the additional pump field but rather as a result of an increase 
in the number of magnons near the frequency wpl /2, while 
for the electronic spin waves the hardness parameter itself is 
not resonant. 

INVESTIGATION OF THE RELAXATION TIME OF THE 
SYSTEM OF DEFECTS 

Figure 10 shows schematically the number of paramet- 
ric magnons as a function of the pump amplitude in the re- 
gion of hard excitation. It is clear that in the hardness range 
kc, < h < h,, the system of parametric NSWs can be in one of 
two states: I)  unexcited or 2)  excited. The state of the mag- 
non system depends on its previous history. This makes pos- 

FIG. 10. Number of parametric magnons as a function of the microwave 
pump amplitude under conditions of hard excitation (schematically). 

sible a study of the transitions of the system of magnons from 
state 2 into state I. 

The experiment was organized as follows. The micro- 
wave magnetic field in the continuous generation mode was 
raised above h,, to generate parametric magnons. The field 
was then lowered below h,, to some value h at which an 
excited state 2 was established in the system (point C in Fig. 
10). Next, a blocking pulse of width r* was fed to apin-diode 
and blocked the microwave channel. The attenuation of the 
microwave power flowing into the resonator with the sample 
in the closed channel was at least 30 dB. The microwave 
channel was then opened and the receiving system recorded 
whether the state 2 was restored after the microwave pump 
was turned on again or the magnon system was transferred 
into the state 1. We investigated the minimum pump inter- 
ruption time r for which parametric excitation of magnons 
was not restored and the magnon system was transferred 
from state 2 into state 1. The measurements were performed 
at two pump frequencies: 

v, = 784 MHz, i.e., at peak hardness, 

and 

vp = 764 MHz, i.e., for { = 0. lg,,, . 
The results were similar. The characteristic r (h )  de- 

pendences are presented in Fig. l l .  As one can see from this 
figure, for h in the interval h,, < h < h,, the quantity r 
changed by several orders of magnitude and reached 10 sin a 
number of experiments. Thus the magnetic system of the 
sample remembers the parametric nuclear magnons for a 
time much longer than the lifetime of the excited quasiparti- 
cles (~,=: l ,usat  T=4.2Kandrm=:10psa t  T =  1.65K). 
In addition, the maximum times r correspond approximate- 
ly to the spin-lattice relaxation times of the average magneti- 
zation of Mn nuclei.14 In Fig. 11 one can see the following 
interesting feature: For some value of h the time r increases 
abruptly by a factor of 10'-lo3, i.e., it has the same nonmon- 
otonic character as the power P,, required to saturate the 
defects. 

I A 
I t  I 1 I 

41 42 q J  a4 
4 rel. un. 

FIG. 1 1 .  Minimum pumping interruption time T required in order to 
transfer the system of parametric magnons from the excited into the unex- 
cited state, as a function of the microwave field amplitude h. The arrows 
mark the positions of the threshold fields: t-h,, 1-h,, . v, = 784 MHz. 
S T =  1.65K,H=770Oe;A-T=4.2K,H= 770Oe;O-T=4.2K, 
H = 560 Oe. 
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We now analyze the experimental results in the model 
of negative nonlinear damping of NSWs for the case of a 
multilevel system of defects. Let T, = h,, V be the charac- 
teristic magnon relaxation rate and let AT = rdef (SZ)"  be 
the contribution of defects to magnon relaxation (we employ 
in the calculation a spin model with n + 1 projections on 
some axis Z ) .  When the defects are overheated by the para- 
metric NSWs the temperature of the system approaches in- 
finity Tdef -+ w (all levels have the same population), and 
the contribution to magnon relaxation AT(Tdef) -0. In 
addition, h,, - h,, . When the pumping is interrupted the 
system of defects cools according to the law 
( S z )  = (Sz) ,[  1 - exp( - t /TI ) 1. At the same time, AT 
increases. If the temperature of the defects drops in the time 
r to such an extent that T, + AT ( r ,  TI)  > h V, the field h is 
then unable to excite the pump, and the magnon system 
passes into the state I. On the basis of the proposed model, 
we obtain the following expression relating the parameters 
of the experiment with the relaxation time TI of a defect: 

where n = x - 1 for an x-level system. The experimental re- 
sults for r<50ps (before the jump in the value of r) are best 
described by Eq. (2)  with n = 2 (Fig. 12), i.e., a three-level 
system with relaxation time TI z 10 p s  at T = 4.2 K and 
TI z 30ps at T = 1.65 K. In addition, within the limits of the 
experimental error the relaxation rate T , of the three-level 
system does not depend on the magnetic field and is propor- 
tional to the temperature of the sample. If the lifetime TI  is 
converted into the relaxation rate of the system, we obtain 
Avdef = 1/2aT, -1 16 kHz at T = 4.2 K and Avdef z 6 kHz at 
T = 1.65 K, which correspond fairly well to the linewidth 
Av obtained for the defects from experiments on saturation 
of the defects by the probe pump. We note that the contribu- 
tion of the defects to the magnon relaxation exhibits the 
same temperature dependence (AT a T) as the relaxation 
rate Av,,, of the system of defects itself. 

The theory does not describe the strong increase in r as 
h increases further. A similar effect-slow increase in the 
threshold h,, of parametric excitation of electronic magnons 
in FeBO, after the saturating pulse is turned off-was also 
observed in Ref. 13, where the characteristic time r was 30 
times longer than the lifetime of the parametric magnons. In 

FIG. 12. Data from Fig. 1 1  in the r ( X )  coordinates, where 
X =  --Id1 - ( h  - h,, )"*/ (hC,  - hc2 )1'2}. T =  T ,  for X =  1 .  

Ref. 13 it was suggested that the saturating pulse excites 
characteristic elastic vibrations of the sample, which have a 
lifetime of up to 500 p s  and affect the hardness of the para- 
metric excitation. 

In our case, the observed times ra re  five to six orders of 
magnitude longer than the magnon relaxation times. The 
reason for this may be the existence of several defect relaxa- 
tion times or the fact that the time TI depends on the extent 
to which the nuclear system as a whole or near the frequency 
wp/2 is overheated. It is obvious that if the temperature of 
the Mn nuclei is high, the cooling rate of the defects will be 
determined by the spin-lattice relaxation time T,, of the nu- 
clear system, which is the longest time in the magnet studied. 
AccordingtoRef. 1 4 , T s , ~ 0 . 1 s a t T = 4 . 2 K a n d T s , z 3 s a t  
T = 1.65K, which agrees well with the maximum values of r 
in experiments on interruption of pumping. 

We undertook another series of experiments designed 
to determine the relaxation time of the defects. The basic 
idea of these experiments was to perform measurements in 
the absence of overheating of the nuclear system by paramet- 
ric magnons; this overheating could affect TI. In the first 
series of experiments the sample was irradiated with the 
pump w,, in the continuous generation regime with ampli- 
tude h,, < h < h,, and with narrow (less than 1 ms in width) 
powerful probe-pump pulses with frequency w,, = a,, /2. 
The pulse width was chosen so that a single pulse could not 
overheat the system of defects to such an extent that para- 
metric excitation would start, though the periodic action of 
the probe pulses w,, resulted in parametric excitation of 
NSWs even when the repetition frequency was equal to 5 
Hz.This means that there is not enough time for defects to 
relax between the pulses, i.e., the defect relaxation time in 
the absence of parametric NSWs at temperature T = 4.2 K 
corresponds completely to the maximum time r - 0.1 s ob- 
tained in experiments on interruption of pumping in which 
the nuclear system was strongly excited. Further investiga- 
tions showed, however, that in these experiments the field of 
the main microwave pump affected the relaxation time of the 
defects. 

In subsequent experiments with the same temperature 
Tand magnetic field H the defect cooling time was measured 
not only in the absence of parametric excitation, but also 
with the main pump field up, turned off. First, the sample 
was irradiated only with a powerful probe-pump pulse, suffi- 
cient for saturating the system of defects, i.e., for lowering 
the pump threshold h,, to h,, . Then the probe-pump pulse 
was followed after a time interval t by the main-pump pulse 
with amplitude h, < h < h,, ,which excited parametric mag- 
nons if t was sufficiently short. By increasing the time inter- 
val t between these pulses we found that over a time t -  200 
p s  the pumping threshold reaches the value h,, , i.e., there 
was enough time for the defects to relax to the lattice tem- 
perature. Thus it was established experimentally that the 
relaxation rate of the defects decreases not only in the pres- 
ence of parametric magnons, but also in the presence of a 
microwave magnetic field of frequency w, = 2wde,. 

INVESTIGATION OF ANTIFERROMAGNETIC AND NUCLEAR 
MAGNETIC RESONANCE SPECTRA IN THE PRESENCE OF 
PARAMETRIC NSWs 

As shown in the preceding section, the relaxation time 
of defects far above threshold approximately corresponds to 
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the spin-lattice relaxation time of the nuclei. This suggests 
that the entire nuclear system is significantly overheated. 
For this reason, the aim of the next series of experiments was 
to measure the temperature of the nuclear magnetic subsys- 
tem under conditions of parametric excitation of NSWs. 

It is well known that when the nuclear temperature 
changes the spectra of nuclear and electronic spin waves 
(ESWs) also change. These changes are most easily deter- 
mined from the recorded shift of the antiferromagnetic reso- 
nance (AFMR) and nuclear magnetic resonance frequen- 
cies. The calculation of the spectra of coupled 
electronic-nuclear oscillations, which was presented in Ref. 
1, gives the following expressions for CsMnF,: 

Here w, is the AFMR frequency, wn0 is the unshifted NMR 
frequency in the hyperfine field of the electron shell, y is the 
magnetomechanical ratio, yH, is the hyperfine gap in the 
AFMR spectrum, and H 2 = (6.4/T) kOe2 is proportional 
to the average nuclear magnetization (m), i.e., according to 
Curie's law, it is inversely proportional to the temperature of 
the nuclear system. 

In the first experiment we studied the dependence of the 
AFMR field on the power pumping the nuclear magnons at 
fixed frequency. The signal passing through the resonator 
was recorded with the magnetic field scanned from H = 0 up 
to H = 1.6 kOe. The scan rate was equal to -200 Oe/s. It 
was found that the shift of the AFMR line becomes notice- 
able even with supercriticality h /hC2 ~ 2 ,  i.e., approximately 
for the same values of h at which a jump occurs in the time T 
in Fig. 11. As the supercriticality increases, the resonance 
field He increases up to the values of the limiting pump field 
Hb (Fig. 13, curves I and 2 ) .  To estimate the rate of cooling 
of the nuclear system we set the field at H z H b  and then 
abruptly turned off the nuclear pump and the static magnet- 
ic field (over a time - 0.1 s),  and after some time we scanned 

FIG. 13. Curves I and 2 represent the dependence of the position of the 
AFMR line with frequency v, = 6189 MHz on the amplitude of micro- 
wave pumping of nuclear rnagnons with frequency vk = vp,/2 = 391 
MHz at T =  1.55 K. 1 )  P ( v p )  = 0; 2 ) P ( v p )  ~ 0 . 1  W. The curves 4 and 5 
represent the limits of the microwave pumping of NSWs with frequency 
vk2 = vp2/2 = 375 MHz under the same conditions as curves I and 2, 
respectively. Curve 3 is the AFMR line 10 s after the parametric NSWs 
have cooled in a field H = 0. 

the field at a rate - 500 Oe/s. We found that the AFMR line 
returns from the field H z  Hb to the initial position within a 
time - 100 s. Figure 13 shows the AFMR line after the nu- 
clear system cools in a zero field over a time 10 s (curve 3 ) .  

According to the formula (3),  the observed shift of the 
AFMR line (curve 2) corresponds to a decrease of the aver- 
age nuclear magnetization by a factor of 1.5, i.e., increase of 
the nuclear temperature to 2.26 K. In the present experiment 
a change in the nuclear magnetization is recorded only in the 
field He,  though it is possible that for other values of the field 
it is even larger. Under conditions of thermodynamic equi- 
librium, such an increase of the temperature of the nuclei 
would result in an appreciable change of the NMR spec- 
trum. Calculation using (3)  shows that at the temperature 
T = 2.26 K the limiting pump field of frequency vp = 782 
MHz is equal to Hb = 1.22 kOe, so that in a magnetic field 
He = 1.54 kOe the frequency 0,/2 = 2 ~ 3 9  1 MHz should 
lie significantly below the bottom of the NSW band, i.e., 
theoretically, AFMR with frequency 6129 MHz and nuclear 
magnons with frequency 391 MHz cannot exist simulta- 
neously in the field H = 1.45 kOe. This means that under the 
conditions of strong excitation of NSWs the theory of Ref. 1 
does not describe the spectrum of coupled electronic-nuclear 
oscillations. 

A similar shift of the AFMR line was observed in Ref. 
15 under conditions of parametric excitation of NSWs in 
antiferromagnetic MnCO,. The pumping limit remained the 
same. The authors of Ref. 15 paid no attention to this latter 
circumstance; attributing the shift of the AFMR line to 
overheating of the nuclear system, they ignored the conse- 
quent contradiction. Our estimates, based on the results of 
Ref. 15, show that the observed shift of the AFMR line from 
the field H = 1.16 kOe to the field H = 1.54 kOe corre- 
sponds to an increase in the temperature from 1.4 to 4.03 K. 
With this overheating the limit of pumping of NSWs should 
be in the field Hb = 1.05 kOe, i.e., just as in our case, it is 
impossible to observe simultaneously AFMR and pumping 
of NSWs in a field H = 1.54 kOe. Therefore the theoretical 
calculations performed in Ref. 1 cannot be used to describe 
these experimental results. 

To estimate how much the NMR frequency is changed 
by parametric excitation of nuclear magnons, we performed 
an experiment in which the sample was pumped at two fre- 
quencies simultaneously: vp, = 780 MHz and v,, = 750 
MHz < v,, . The static magnetic field was rotated by an an- 
gle of 45", which made possible simultaneous parametric ex- 
citation of magnons by the spiral and coaxial resonators. The 
effect of the first pump on the,limiting field of the second 
pump, i.e., actually the dependence of the NMR resonance 
field with frequency vp,/2 on the power of the first pump, 
was studied. It was found that the NMR frequency still does 
not change even at the main pump power for which the shift 
of the AFMR line is already significant. For large supercriti- 
calities, when h /hC2 > 10 and the maximum change in He 
corresponds to a decrease in the nuclear magnetization (m) 
by a factor - 1.5, the shift of the NMR line corresponds to a 
decrease in (m) by only a factor 1.14 (Fig. 13, curves 4 and 
5). This is another confirmation of the fact that the formula 
(3)  does not give the correct relation between the AFMR 
and NMR frequencies with large nuclear-magnon occupa- 
tion numbers. We note that the effects studied here are not 
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directly related to the hard character of the parametric exci- 
tation of magnons and that we also observed them at 
wpl / 2 ~  = 900 MHz, i.e., with very low hardness. 

Similar investigations of the effect of parametric excita- 
tion of nuclear magnons on the NMR frequency in CsMnF, 
were previously conducted in Ref. 16. The NMR frequency 
started to increase in a threshold manner when the critical 
pump field of the nuclear magnons was significantly exceed- 
ed, i.e., the NMR spectrum did not change up to some value 
of the amplitude of the parametric magnons. We note that 
the effect of parametric NSWs on both the AFMR and 
NMR spectra was not investigated in Refs. 15 and 16. Corre- 
spondingly, a comparative analysis of the shifts of the 
AFMR and NMR lines was also not performed. 

Thus in the present work it is established for the first 
time that in the case when the nuclear magnetization de- 
creases as a result of parametric excitation of high-amplitude 
NSWs and the nuclear subsystem is in a state of flow equilib- 
rium and not thermodynamic equilibrium, the relation be- 
tween the electronic and nuclear spin-wave spectra changes 
and is no longer described by the theory given in Ref. 1. This 
circumstance was neglected in many works, where the posi- 
tion of the AFMR line was used to determine the tempera- 
ture and spectrum of a strongly excited nuclear system. 

Our further investigations showed that parametric exci- 
tation at a frequency wpl not only shifts the AFMR and 
NMR lines, but also affects both the threshold h,, and the 
supercritical behavior of the magnons excited by the second 
pumping of NSWs (up, <up,  ) . The latter effect is manifest- 
ed as a change in the amplitude of the modulational response 
a,, of magnons with frequency w, = w,,/2. In addition, 
the "upper" pump for any frequencies up, and wpz affects 
the "lower" pump. However, even the maximum power of 
the "upper" pump changes significantly the modulational 
response a,, only when the second pump is not far above 
threshold, i.e., when the number of parametric magnons of 
frequency w,, in the sample does not exceed - lOI4. It is 
interesting that in the case up, <up, turning on the first 
pump has no effect on the amplitudes h,, and a,, of the 
second pump. 

It has thus been established that "diffusion" of nuclear 
spin waves along the spectrum proceeds in the direction of 
decreasing frequencies and wave numbers, i.e., under condi- 
tions of parametric excitation of NSWs the secondary mag- 
nons are concentrated in the range from wp/2 up to the nu- 
clear magnetic resonance frequency w, . 

DISCUSSION 

We propose the following qualitative explanation of the 
disagreement between the experimental results and the theo- 
retical spectra ( 3 ) .  

Each magnon has a magnetic moment which decreases 
the average nuclear magnetization. At high amplitude of pa- 
rametric and secondary NSWs this decrease can be large, 
comparable to the nominal value of (m) at the-given tem- 
perature, and this is why the AFMR frequency changes. 
Since most of the nuclear heat capacity is concentrated in the 
short-wavelength oscillations of the system, and pumping 
overheats a comparatively narrow region of the NSW spec- 
trum (k < lo5 cm - ' ), the nuclear temperature does not in- 
crease significantly. However, when the spin-wave ampli- 

tude is large the approximation of small oscillations, in 
which the frequencies of the electronic and nuclear magnons 
are calculated, does not work. 

We estimated the number of parametric nuclear mag- 
nons and compared it with the nuclear magnetization at 
thermodynamic equilibrium. We obtained the following re- 
sults. 

1. Our 0.02 cm3 CsMnF, single crystal contained 2 .  loZ0 
Mn nuclei. The degree of polarization of the nuclear system 
at T = 1.55 K is equal to 

i.e., there are six nuclear magnetons (6pN) per 100 Mn nu- 
clei, and the total magnetic moment of the nuclear system of 
the sample is equal to 1019p,. 

2. For supercriticality h /h,, - 10 the number of para- 
metric nuclear magnons is approximately equal to 5. 1015. 
The magnetic moment of NSWs is the sum of the contribu- 
tions from the electronic and nuclear systems and is equal to - 30pN. Multiplying this quantity by p,/p, we find that a 
single NSW decreases the nuclear magnetization by 
- 10 - ,p,, i.e., the parametric NSWs have a total magnetic 
moment - 1014 p,. 

I t  is obvious that the density of parametric NSWs is too 
low to change appreciably the average nuclear magnetiza- 
tion. However, the shift of the AFMR line indicates that the 
nuclear magnetization changes by a large amount. This in- 
consistency can be eliminated by assuming that the number 
of secondary NSWs is - lo4 times larger than the number of 
parametric NSWs. 

The number of secondary magnons can be roughly esti- 
mated by measuring the effect of the secondary pump mag- 
nons vPl on the modulational response a,, of the parametric 
magnons of the second pumping Y,, < Y,, . It can be conjec- 
tured that this effect should be manifested when the number 
of secondary NSWs of the first pumping in the region 
vP2/2 f r is comparable to the number N- 1014 of paramet- 
ric NSWs of the second pumping. If it is assumed that the 
secondary magnons are distributed uniformly over the fre- 
quencies of the NSW spectrum in the range from Y,, /2 up to 
Y,, then their total number is N, - loL8. Thus, according to 
this estimate, the number of secondary magnons of the first 
pumping is two orders of magnitude higher than the number 
of parametric magnons of this pumping, i.e., the number of 
secondary magnons is close to the number of polarized nu- 
clear spins. 

Obviously, significant accumulation of secondary mag- 
nons can occur if at the temperature T=. 1.5 K energy flows 
out of the nuclear spin system within a lo2-lo3 times longer 
time than the relaxation time of a parametric magnon 
( r  = 10 ps)  . This means that the thermodynamic theory of 
parametric resonance" should be applicable for the system 
of NSWs, since the coupling of the nuclear system with ex- 
ternal systems is weak and energy is redistributed within the 
magnon system much more rapidly than energy is trans- 
ferred into other degrees of freedom of the crystal. 

We now attempt to explain on the basis of the foregoing 
analysis the long defect cooling times observed in Fig. 1 1. As 
the experiments show, for defect-cooling times r-  1 s the 
temperature of the nuclear system increases by a small 
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amount, not exceeding 10%. Evidently, the observed anom- 
alously high values of r are not directly related to the ther- 
modynamic overheating of the nuclear system. The experi- 
mental results clearly show that the defect relaxation time 
depends on the existence of nonequilibrium magnons in the 
sample. When the secondary-magnon occupation numbers 
increase significantly the temperature of the defects absorb- 
ing these magnons is higher than that of the lattice, until the 
energy of the secondary magnons is transferred from the 
nuclear system to the lattice. Then the relaxation time of the 
defects is determined by the relaxation of the number of sec- 
ondary magnons. 

As shown in Ref. 4, the relaxation rate of nuclear mag- 
nons in CsMnF, and MnCO, has the form 

where f,,, are functions of the magnon frequency and wave 
vector. The first term is governed by quasielastic scattering 
NSWs, i.e., it does not change the number of NSWs. The 
second term represents the sum of the magnon-phonon and 
three-ferromagnon relaxation processes (the three-ferro- 
magnon process exists only in six-sublattice CsMnF,). 
These relaxation processes reduce the number of NSWs, and 
for CsMnF, at T =  1.55 K and ~ ~ ~ 3 9 0  MHz they give 
f2T5- 100 Hz, which is almost 100 times lower than r,. 
Corresponding estimates for the experimental conditions of 
Ref. 15 give f2T5 - 160 Hz. Nonetheless these values are still 
too high to describe the experimental results. 

The situation is even worse when it comes to explaining 
T,,, - lo5 ,us (Fig. 11) at T = 4.2 K.  In this case f2T5-20 
kHz, i.e., the energy of a paramagnetic nuclear magnon is 
transferred to other degrees of freedom of the crystal in a 
time 7, - lops. This is four orders ofmagnitude higher than 
the maximum defect cooling time r,,, . It can be conjectured 
that magnons are strongly accumulated at the bottom of the 
NSW band, since the secondary magnons diffuse in the di- 
rection of small k and the conservation laws forbid the mag- 
non-phonon process for k < lo4 cm - '. In this case, how- 
ever, the magnons should affect strongly the relaxation time 
of the defects only if w, zw,,,. Thus, at the present time we 
do not have a qualitative model that describes adequately the 
experimentally observed increase in the defect relaxation 
time in the case of strongly excited NSWs. 

As noted above, NSWs "diffuse" primarily in the direc- 
tion of low frequencies. This result explains the unsymme- 
tric shape of the lines for probe power P,, with which the 
defects are saturated. For w,, > w,/2 defects with frequency 
w,, absorb energy from the probe pump, and then emit mag- 
nons with frequency w,, . These magnons diffuse downwards 
along the spectrum, and then some of them are absorbed by 
defects with frequency wp/2, which decreases the paramet- 
ric-excitation threshold h,, . In the case w,, < wp/2 the effect 
on h,, is significantly smaller, since diffusion upwards along 
the spectrum is much weaker. 

In conclusion we note that in spite of the large amount 
of experimental data available on the relaxation of electronic 

and nuclear spin waves and defects, the nature of the defects 
which we have studied is still not fully understood. In Ref. 9 
it was conjectured that the hardness of NSWs is due to the 
breakdown of the stoichiometry of the crystal, i.e., excess 
Mn atoms. In the present work we measured the hardness in 
several nonstoichiometric samples. We found that an excess 
of any element Mn, Cs, or F does not significantly affect 
either the frequency or the magnitude of the peak of negative 
nonlinear damping of NSWs. By surface grinding the sample 
we were able to approximately double the turning-off part of 
the relaxation; this could be associated with an increase in 
the number of dislocations in the crystal. Thus our results 
are consistent with Refs. 18-20, where the main defects af- 
fecting magnon relaxation in CsMnF, were conjectured to 
be dislocations. 

I am very grateful to V. L. Safonov, A. I. Smirnov, and 
A. Yu. Yakubsovskii for helpful discussions. 

So-called elastic interactions of magnons result in gradual "diffusion" 
along the magnon spectrum, because the quasiparticle energy is deter- 
mined to within the uncertainty relation. For this reason, it is more 
accurate to term these two-magnon processes quasielastic. 
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