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Parametric excitation of nuclear spin waves in the antiferromagnetic crystal MnCOJ is studied at 1080 
MHz by the parallel pumping technique. Two threshold processes are observed in the experiments. One 
refers to spin wave excitation in a nuclear magnetic system and the other to excitation of magnetoelastic 
waves. The post-threshold sample susceptibility in such processes is studied. A very pronounced 
overheating of the nuclear magnetic system of the sample with respect to the lattice is observed after the 
second threshold. The nature of these overheating phenomena shows that two magnetoelastic oscillation 
branches are excited in the second threshold process. The dependence of the threshold field on the wave 
vector is more complicated in a small magnetic field because of magnetization processes in the sample. In a 
large magnetic field, complications are produced by the magnetoelastic coupling. 

PACS numbers: 75.30.Fv, 75.50.Ee, 75.80.+q 

INTRODUCTION 

The study of parametric excitation of spin waves in 
magnetically ordered systems by the method of parallel 
pumping is of definite interest. This is one of the few 
methods which allows us to study spin waves over a 
wide range of wave vectors with simply operated ap
paratus. In several cases, it has been possible to ob
tain absolute values of the wave vectors of the magnons, 
for example, in CsMnF3 and MnC03 , U,2] where the in
tersection of the spectrum of antiferromagnetic magnons 
with the phonon branch is observed_ In the present 
work, parallel pumping has been studied in a system of 
nuclear spin waves of an antiferromagnet with weak 
ferromagnetism, MnC03 • The first idea of. nuclear 
spin waves, which follows from the Suhl-Nakamura 
interaction, [3,4] was advanced in the work of de Gennes 
et al. [5] The observation of parametric excitation of 
nuclear spin waves was carried out in the works of 
Adams, Hinderks and Richards[S] in CsMnF3 and 
RbMnF3 , and of YakubovskiP7] in MnC03 • 

The object of this investigation is MnC03 , a well
studied antiferromagnet with weak ferromagnetism. 
Manganese carbonate has a rhombohedral structure; 
the plane perpendicular to the threefold axis is the easy 
plane for the magnetic system of the sample. The spec
tra of electron antiferromagnetic and nuclear reso
nances under the conditions of strong Suhl-Nakamura 
interaction have been studied in the works of Borovik
Romanov, Krelnes and Prozorova[S] and Borovik
Romanov and Tulin. [II, 10] The low-frequency branches 
corresponding to these resonances are of the form 

ro •• '=y.'[H(H+H D) +H.'+o;'k'] , 

ro",,'=ro n,'(1-y.'H.'/ro •• ') , 

where 'Ye is the gyromagnetic ratio for the electron, 

(1) 
(2) 

W,,~ and wnk are the frequencies of the electron and nu
clear spin waves, respectively, H is the external 
magnetic field, HD = 4. 4 kOe is the effective Dzyaloshin
skit interaction field, ~ is the gap in the spectrum of 
the electron system, due to the hyperfine interaction 
a 2k2 is the spatial dispersion term, and wno /2 = 640 MHz 
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is the frequency of nuclear magnetic resonance in the 
hyperfine field of electrons in the absence of dynamic 
coupling. 

As is seen from expression (2), the shift in the fre
quency of nuclear spin wave from WnD for certain k is 
determined by the frequency of the corresponding oscil
lation of the antiferromagnetic system. For k = 0, the 
shift in frequency of the nuclear system will be a maxi
mum in a constant magnetic field; when k - ~ the fre
quency shift approaches zero in view of the relative 
smallness of the term 'Y!~ • 

EXPERIMENT 

As is seen from the foregoing, the spectrum of nu-: 
clear spin waves is located in the frequency range 
below 640 MHz. The minimum frequency corresponds 
to k = 0 and is determined by the external magnetic 
field. To observe the parametric excitation of spin 
waves it is necessary to apply a high-frequency mag
netic field at double the frequency of the spin-wave 
resonance. The polarization of the high-frequency field 
should be parallel to the constant magnetic field. In the 
experiment, the susceptibility of the MnC03 sample at a 
frequency of 1080 MHz was studied in the direction 
parallel to the constant magnetic field. The samples of 
MnC03 were single crystals, with well-pronounced 
faceting, in the form of plates, the plane of which 
COincides with the easy plane of the anisotropy. The 
high-frequency and static magnetic fields were parallel 
to this plane (H 1\ hl C3). A pass-through spectrometer 
was used with an absorption cell in the form of a helical 
resonator, made of aluminum wire. The sample was 
placed inside the helix in the anti node of the magnetic 
field. The coupling was provided by posts extending 
to the ends of the helix. The power passed through the 
resonator to a decimeter-band receiver. The power 
fed to the resonator was regulated by an attenuator. At 
the input of the receiver there was another attenuator. 
In the course of operation, these two attenuators were 
used to vary the power fed to the resonator and to main
tain the power to the receiver constant. Thus, in the 
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steady state, the susceptibility parallel to the magnetic 
field at 1080 MHz was studied as a function of the mag
netic field at various levels of the high-frequency field 
in the resonator. 

The traditional pulse method did not allow us, under 
our conditions, to observe a number of details in the 
parametric excitatiom. Therefore, it was used 
sporadically to study the post-threshold oscillations of 
the susceptibility. 

All the experimental results were obtained at a tem
perature of 1. 5 OK. 

EXPERIMENTAL RESULTS 

The characteristics of the passage of power through 
the resonators were measured as functions of the 
magnetic field for different power levels. With account 
of the filling factor, these characteristics are con
nected with the absorption of high-frequency power in 
the sample. Several absorption curves are shown in 
Fig. 1, the increase in the number of the curves cor
responding to increase in the high-frequency power in 
the resonator. The curves are displaced along the 
vertical axis for convenience. Curve 1 was obtained 
for a small value of power. A monotonic increase of 
the absorption is observed in it upon decrease in the 
magnetic field H, owing to the processes of magnetiza
tion reversal of the antiferromagnetic system of the 
sample. This form of absorption is evidently a linear 
process and it is a characteristic of antiferromagnets 
with weak ferromagnetism. Curve 3 reveals the ap
pearance of additional absorption in the magnetic field, 
corresponding to the resonance field at half the pump 
frequency. This value of the power will correspond in 
what follows to threshold for the magnetic field near 
H = Hres • Further development of the process consists 
in the propagation of the absorption into the region of 
smaller values of the magnetic field and in a rapid in
crease in the susceptibility of the sample (curves 4, 5). 
The susceptibility passes through a maximum and then 

o 1.0 H 2.0 H, kOe 
res 

FIG. 1. Passage of the 
high-frequency power 
through a resonator with the 
sample. P '-power fed to 
the input of the receiver. 
Curves 1-8 correspond to 
the following values of the 
damping of the input atten
uator: 1)-46, 2)-44.2; 
3)-43.5; 4)-39.35; 5) 
-28.1; 6)-23.8; 7)-16.2; 
8)-7.65 dB. 
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FIG. 2. Dependence of 
the imaginary part of the 
post-threshold suscepti
bility of the sample on the 
value of the damping of 
the input attenuator; T 
=1.5°K, H=1320 Oe. 

decreases. The character of the change in the imagi
nary part of the susceptibility in a magnetic field H 
;" 1320 De is shown in Fig. 2. Upon further increase in 
the power of the high-frequency field in the region of 
H still another absorption appears (curve 6, Fig. 1); res' 
the range of this absorption broadens rapidly and a 
corresponding increase in the susceptibility results. 
Beginning with curve 7 of Fig. 1, when the absorption of 
the high-frequency power in the sample is extended 
through the entire range of the magnetic field from Hres 

to zero the absorption curve takes on a hysteretic , . . 
character upon increase and decrease of the magnetic 
field. The hysteresis curve is shown in Fig. 3. Thus, 
two threshold processes are observed in the experi
ment, the beginnings of which correspond to the curves 
3 and 6 of Fig. 1. The distinguishing feature of these 
processes is the fact that on passing through the first 
threshold process (corresponding to the smallest pump 
power) no Significant extension of the absorption is ob
served into the region of fields greater than Hres , while 
after the second process the absorption spreads sig
nificantly into the region of large fields. The presence 
of hysteresis in this second process is in some sense 
accidental and is determined by the value of the absorp
tion of power in the sample. Further increase in the 
power leads to a splitting of the maximum of the ab
sorption near Hres , and the location of the maximum 
of the absorption in the smallest magnetic field depends 
strongly on the amplitude of the high-frequency field 
(Fig. 4). The next stage of increase in the power leads 
to a smearing out of all the singularities and to the ap
pearance of instability (sharp jumps in the absorption), 
which is evidently connected with the disruption of the 

p' 

1.0 2.0 
H,kOe 

FIG. 3. Absorption of high-frequency power in the sample as 
a function of the magnetic field in the case of the development 
of the phenomenon of overheating of the nuclear system. P'
power applied to the input of the receiver. The arrows indi
cate the direction of the sweep of the field. 
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FIG. 4. Absorption of the 
maxima of the absorption of 
high-frequency power as a 
function of the amplitude of 
the high-frequency field on 
the sample after the second 
threshold. 

heat transfer regime between the sample and the liquid 
helium bath. 

From the observed curves of the transmission of 
high-frequency power as a function of the external mag
netic field (Fig. 1), we can construct the dependence of 
the amplitude of the threshold field he on the value of 
the static magnetic field H. For this purpose, the val
ues of the magnetic field which limit the excess absorp
tion curve are found on the experimental curves and, as 
against these values we plot the amplitude of the high
frequency field corresponding to the given curve. The 
results of the construction are shown in Figs. 5 and 6. 
The pOints referring to the second threshold in small 
magnetic fields (above the dashed straight line in Fig. 
6) were constructed according to the location of the 
jump in the absorption on the curves similar to those 
of Fig. 3. The interpretation of these curves must be 
made carefully, since in the case of advanced over
heating the increase in the absorption in the sample can 
be due to some other phenomenon, as is observed in 
the excitation of homogeneous resonance at large de
tUnings. [10] 

DISCUSSION OF RESULTS 

Parallel pumping in the system of nuclear magnons 
of MnCOs exhibits a number of singularities. The fre
quency range of its observation is bounded from above 
at double the frequency of the undisplaced nuclear reso
nance: 2wno/2= 1280 MHz. The lower bound is at 
double the resonance frequency of the nuclear system, 
for which the resonance magnetic field is comparable 
with the real width of the NMR line. The existing in
homogeneous NMR line broadening extends also to spin 
waves, i. e., for the same energy of spin waves there 
is a wide choice of wave vectors k. In this case, we can 
assign any convenient value to the wave vector of the 
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FIG. 5. Dependence of the 
critical amplitude of the high
frequency field on the static 
magnetic field for the first 
threshold process. H-order 
of the inhomogeneous NMR 
broadening. 
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FIG. 6. Dependence of the criti
cal amplitude of the high-frequency 
field on the static magnetic field 
for the second threshold process. 
The horizontal dashed line indicates 
the value of the amplitude of the 
high-frequency field above which 
the phenomena of overheating are 
observed. 

spin wave. In the present work, we used a pump fre
quency of 1080 MHz; the resonance field corresponding 
to one half the frequency amounted to 1520 Oe in the 
case of a line width of the order of 100 Oe. 

Still another feature is associated with the phenom
enon of overheating in the nuclear system, namely, 
the frequency of the nuclear spin waves depends strong
lyon the temperature of the nuclear magnetic sub
system of the sample, which is not difficult to overheat 
by means of easily achievable power. [10] A third fea
ture is the strong magnetoelastic interaction in MnCOs 
at frequencies in the investigated range (see the work 
of Gakel' [11]). 

In view of the presence of the latter feature, the spec
trum of interacting magnons and phonons takes the form 
represented in Fig. 7 by the continuous curves. This 
corresponds to the formation of shifted magnetoelastic 
branches of the spectrum which, far from the point of 
intersection, represent as before almost pure magnons 
and phonons, and in the intersection region, magneto
elastic waves. 

In parallel pumping, when the acting force is the mag
netic field, it is natural to assume that the magnons are 
easily excited and the magnetoelastic waves with a 
small admixture of magnetic oscillations more difficult. 
Then the qualitative dependence of the amplitude of the 
critical field on the value of the static field for the 
branches shown in Fig. 7 will have the form shown 
in Fig. 8 (curves 1, 2). There is a strong inhomo
geneous broadening of the spectrum of nuclear spin 
waves in the investigated samples. This is tenta-

-k k 

FIG. 7. Form of the spectra of coupled magnetoelastic oscilla
tions of the nuclear magnons (a) and a single branch of phonons 
(b). The points I, l' and 2, 2' are pairs of quasiparticles with 
equal but OPPOSitely directed wave vectors k and - k. 
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tively represented in Fig. 8 in the form of a set of 
plots of he as a function of H with different values of 
the resonance fields Hr... Such a representation en
ables us to explain the peak in the critical field he in 
the interaction of magnons with any nonmagnetic sys
tme, and the presence of such a peak indicates the 
existence in this region of still another threshold pro
cess with a large value of the critical field. Near the 
point of interaction in a neighborhood of the order of 
the inhomogeneous broadening, the character of the de
pendence of the post-threshold susceptibility on the pump 
power X" (F) will bring into the process newer and newer 
regions of the crystal. Thus the process of parametric 
excitation that we have observed can describe both the 
excitation of purely magnon parts of the two branches 
of the spectrum shown in Fig. 7 (the first threshold) 
and the excitation of the magnetoelastic portions of 
these branches in the region of intersection (the sec
ond threshold). 

Figure 9 represents the dependence of the amplitude 
of the critical high-frequency field on the quantity :J6 

= [Hr •• {Hres + HD)- H{H+HDW/2, which is proportional 
to the wave vector of the spin wave for the first thresh
old, which we shall connect with the excitation of 
magnons. It is seen from this drawing that the inhomo
geneous broadening corresponds to a wide range of 
wave vectors (the value of the wave vector of the first 
point is k"" 105 cm-1), i. e., even at the excitation fre
quency of 1080 MHz a large indeterminacy remains in 
the wave vector of the nuclear spin wave. A similar 
indeterminacy remains also for the relaxation frequency 
of the magnons, if we reduce the curve by means of 
the formula 

where Tink is the relaxation frequency of nuclear spin 
waves. [7,12J Attention is called to the fact of the simi
larity of the dependence of the critical field amplitude 
in the case of parallel pumping in a system of nuclear 
magnons (Fig. 5 in this work) and the dependence of 
the critical field amplitude of the excitation of nuclear 
resonance in MnCOs at large detunings. [10J The con-

, 
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OLI ------------~(!+4_4'>~H 
FIG. 8. Qualitative picture of the behavior of the amplitude of 
the critical high-frqeuency field as a function of a constant 
magnetic field. The dashed curves refer to the magnetoelastic 
branches in the absence of inhomogeneous broadening, but with 
different Hn.. The solid curves correspond to the measured 
values of the threshold field in the case of inhomogeneous 
broadening of the spin wave spectrum. 
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FIG. 9. Dependence of the critical high-frequency field of 
parametric excitation of magnons (first threshold) on the quan
tity~=[H_(H_+Hn> -H(H+HD)II/2~k. The scale of k is re
ferred to the velocity of antiferromagnetic spiri waves v = 1. 07 
X 105 cm/sec. 

clusion can be drawn that the excitation of homogeneous 
resonance at large detuning can be realized via the nu
clear spin wave. 

As the susceptibility of the nuclear system in parallel 
. pumping grows and the amplitude of the high-frequency 
field increases, the nuclear system begins to overheat 
relative to the lattice. Significant overheating is ob
served in the range of amplitudes of the second critical 
field, above the dashed straight line of Fig. 6. The 
experimental manifestations of overheating in the case 
of parallel pumping are similar to those in the case of 
homogeneous resonance. [10J The post-threshold sus
ceptibility is observed in the interval of fields from 
Hre. to H = 0 and the relation X" (H) - P' has a strong 
hystereSiS when the direction of the sweep of the field 
is changed (Fig. 3). 

The overheating of the nuclear magnetic system takes 
place at amplitudes of the high-frequency field for which 
a strong maximum of the post-threshold susceptibility 
is observed near Hre.. The behavior of this maximum 
with overheating allows us to confirm the fact that the 
second threshold corresponds to the excitation of mag
netoelastic waves of two branches of the spectrum 
(Fig. 7). It is seen from Fig. 8 that simultaneous ex
citation of the magnetoelastic waves of the two branches 
takes place in the region of intersection. It turns out 
that these parts of the branches behave in different 
fashion upon overheating. 

The heating of a nuclear magnetic system leads to a 
shift in the spin-wave spectrum of the magnetic system 
that does not interact with the phonons along the fre
quency axis to wnO' For magnetoelastic waves at the 
points 1 and l' in Fig. 7, the heating brings these pOints 
close to the magnon branch, which leads to a decrease 
in the threshold and to an increase in the post-threshold 
susceptibility at a fixed frequency and pumping level. 
This produces additional power absorption in the nu
clear system and a greater degree of its heating, which 
in turn increases the absorption of power in the form of 
an increase in the susceptibility (there is a positive in
verse connection between the absorption and heating). 
The maximum absorption in this case is transferred 
to a smaller field in this case, corresponding to an in
crease in the temperature of the nuclear system. At 
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points 2 and 2' the situation is reversed; the heating 
leads to the result that these pOints approach the purely 
phonon part of the spectrum, with corresponding de
crease in the susceptibility in view of the increase in 
the threshold. The inverse coupling in this case will 
be negative and the location of the maximum absorption 
will be stable. The experimentally observed behaviors 
of the absorption maximum-splitting and the dependence 
of the location of the split maxima on the amplitude of 
the high-frequency field (Fig. 4)-confirms these con
siderations. 

Thus, the rather complicated properties observed in 
parallel pumping in MnCOs at a frequency near 1000 
MHz are qualitatively described by the excitation of nu
clear magnons and magnetoelastic waves with account 
of the phenomenon of overheating of the nuclear mag
netic system of the sample. 
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The effect of drag processes on the thermal conductivity of superconductors is investigated. It is shown 
that for normal metals and for superconductors in the region ~<1, the correction to the phonon 
distribution function is completely determined by drag effects. In the region ~> I, the solution is identical 
with that obtained by Gurevich and Krylov {Zh. Eksp. Tear. Fiz. 68, 1337 (1975) [Sov. Phys. JETP 41,665 
(1975)). The influence of boundaries, impurities and defects is considered, and it is shown that drag effects 
are always a correction to the total thermal conductivity in the parameter 0 D/EF. 

PACS numbers: 74.20.Ef 

1. THE KINETIC EQUATION FOR EXCITATIONS 

For relaxation processes in pure superconductors, 
the principal role is played by the electron-phonon in
teraction. In this case the exact solution of the problem 
requires the consideration of a system of kinetic equa
tions for phonon and electron excitations. Account of 
drag processes corresponds to account of nonequilibri
um corrections to the phonon distribution function in the 
kinetic equation for electron excitations, and of cor
rections to the electron. distribution function in the equa
tion for the phonons. The electron thermal conductivi
ty x"' which is connected with the scattering of the elec
trons by phonons without account of drag effects, was 
considered earlier by a number of authors. [1,21 The 
phonon thermal conductivity X Pb , which is connected 
with the scattering of phonons by electrons (l{pb. )for 
the case of dirty superconductors, when the phonon 
thermal conductivity can be comparable with the elec
tron conductivity not only near T= 0, was considered 
in Ref. 3. However, the account of drag effects in the 
case of pure superconductors can bring about a signifi-
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cant contribution to l{. as T - 0 and to 'l<. pb at T - T c ; 

in this case, however, the contribution of drag effects 
to the total thermal conductivity is small, because of 
the smallness of the ratio 6 D /e F (or S/VF)' It can be 
shown that the Umklapp processes make a small con
tribution and can be disregarded. 

In a recent work, Gurevich and Krylov[l1 showed that 
account of nonequilibrium phonons begins to playa 
decisive role in the determination of the electron dis
tribution function at sufficiently low temperatures, and 
the possibility of experimental testing of this fact is 
predicted. The analYSis was carried out in an approxi
mation in which the nonequilibrium contributions to the 
electron distribution function in the kinetic equation 
for phonons were not taken into account. However, the 
discarded terms are not small and are decisive in the 
case of normal metals and in a whole range of tempera
tures for superconductors. Moreover, it should be 
noted that the total momentum of the electrons and 
phonons should be conserved. Mathematically, this 
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