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Parametric excitation of spin waves of the low-frequency spectral branch in the weakly ferromagnetic 
substance MnC03 is observed when the high-frequency field and the static magnetic field applied to the basal 
plane of the crystal are parallel. The experiments were performed at frequencies vp=25-47 GHz and at 
liquid-helium temperature. The dependence of the threshold field strength on the temperature and on the 
wave vector is studied in detail and it is found that in the range from 1.2 to 2.1 •K the spin-wave decay obeys 
the law Av1k(k-0)=cl'l 4• Two sharp peaks are observed at T::; ISK on the hc(k) curve. The linear 
dependence of v(k) for one of them permits the conclusion that this peak is due to resonance interaction 
between excited spin waves and phonons. A value a=0.79X 10-5 kOe-cm is obtained for the exchange 
constant in the spin-wave spectrum on the basis of the known speed of sound in MnC03. 

1. INTRODUCTION 

IN antiferromagnets with anisotropy of the "easy 
plane" type, parametric excitation of spin waves cor
responding to the low-frequency branch of the spectrum 
is possible under definite conditions. This phenomenon 
was observed experimentally inP-31 in the hexagonal 
antiferromagnet CsMnF3 • We have investigated para
metric excitation of spin waves in the weak antiferro
magnet MnC0}4 l. The present paper is devoted to a 
detailed description of experimental excitation and 
study of spin-wave relaxation in MnC03. 

The spin-wave spectrum for antiferromagnets with 
"easy plane" anisotropy was calculated by Borovik
RomanovrsJ and Turovr 6J. It consists of two branches 
described by the following formulas: 

(v" I y)' = H sin 8 (H sin 8 + Hv) + H,' + a'k', (1) 
(v,./v)' = 2HAHR + (Hv +Hsin8)Hv + H'cos'8 + a'k', {2) 

where y is the gyromagnetic ratio, HD is the 
Dzyaloshinskil field, HE is the exchange field, H~ is 
the gap due to the hyperfine interaction, HA is the 
anisotropy field, a is the exchange constant, k is the 
wave number of the spin waves, and e is the angle be
tween the field H and the principal axis of the crystal. 
The spin oscillations corresponding to the first and 
second branches of the spectrum are described by 
different components of the vectors 

l = lo + J..eHwt-kr), m = mo + J.lei{Cilt-kr) 

and are excited by different components of the micro
wave field h. 

As shown by Ozhogin [7 J, the anharmonicity in such 
systems is determined by the existence of a nonlinear 
connection between the branches of the spectrum. From 
the solution of the nonlinearized system of equations of 
motion it follows that at large amplitudes h at the fre
quency v1, the motion of the moments is described by 
the complete assembly of the components of the vec
tors .\ and J.l, and the components that determine in 
the linear approximation the oscillations of the second 
branch oscillate with frequency 2v1• This leads to a 
possibility of parametric excitation of the first branch 
of the spectrum by the electromagnetic wave of fre
quency 2v 1, the polarization of which corresponds to 
excitation of the second branch (h 11 H), and the ampli-

FIG. I. Block diagram of spectrometer: A-attenuator, S-switch, 
D-detector, K-klystron, W-wave meter, PV-peak-value voltmeter, 
0-oscilloscope, FM-field meter, PM-power meter, G-sawtooth pulse 
generator, REC-atltomatic recorder. 

FIG. 2. Oscillogram of signal transmitted to resonator at H < H0 : 

a) h <he, b) h >he· 

tude exceeds the "threshold" value he determined by 
the dissipation in the system. The parametric excita
tion of the spin waves is revealed by the appearance of 
absorption in the sample in fields H corresponding to 
excitation of the lower branch at the frequency v1 with 
k 2: 0. 

2. PROCEDURE AND SAMPLES 

A block diagram of the spectrometer is shown in 
Fig. 1. The source of the microwave power was a 
klystron oscillator operating in the 8 mm band, and its 
frequency was swept slowly. The microwave signal was 
applied through a circulator and a calibrated attenuator 
to a cylindrical copper resonator operating in the H0 12 

mode with Q ~ 10000, in which the investigated sample 
was placed. The detected signal, proportional to the 
power P 1 passing through the resonator, was fed to 
the vertical plates of an oscilloscope. The oscilloscope 
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2 J ¥ 5H,k0e 
He 

FIG. 3. Automatically plotted ampli
tudes of signal transmitted to resonator 
as function of the static field H. The 
numbers on the curves show the value 
of the microwave power in the resonator 
in decibels. T = 1.7°K, Vp = 36.1 GHz. 

screen displayed the frequency characteristic P 1(vp) 
of the resonator. When the threshold absorption took 
place in the sample, the amplitude P 1 max and the 
shape of this curve changed (see Fig. 2). The depend
ence of P1max on the static magnetic field was meas
ured with a peak-value voltmeter and registered with 
an x-ray recording potentiometer (see Fig. 3). 

To determine the amplitude h of the microwave 
field, we measured the power fed to the resonator, its 
Q, and the coupling coefficient {3. The instantaneous 
value of the microwave power was measured with a 
square-law detector whose sensitivity was systemat
ically calibrated during the course of the experiment. 
The calibration was with the aid of a second klystron 
operating in the pulsed regime at the resonator fre
quency. The pulse power was measured with a stand
ard thermistor instrument. The measurement accuracy 
was 10%. 

The field h at the sample was calculated from the 
known formulas for the H012-mode field distribution. It 
was assumed that the sample does not change the field 
configuration in the resonator significantly, since the 
tested substance had 11. ~ 1 and the influence of E: was 
small because the sample was placed in a node of the 
electric field. The absolute accuracy with which h was 
obtained was 15% and was determined mainly by the 
errors in the measurement of Q (10%), of the coupling 
coefficient {3 (10%), and of the power P (10%). The 
change of h in each series of experiments (at fixed Q 
and f3) can be measured more accurately (5%). 

To determine the value of the critical field he we 
measured the power Pc at which threshold absorption 
set in. The value Pc determined from the oscillograms 
and from the potentiometer chart coincided within 0.1 
dB. It was observed in the experiment that he depends 
on the time of action of the microwave field on the 
antiferromagnet. We have therefore performed the 
experiments at a constant rate of frequency deviation 
2GHz/ sec. In this case he differed from the value he 
measured in the static regime by not more than 5%. 

The measurements were performed at pump fre
quencies vp = 25-47 GHz. 

In many experiments it was necessary, simultane
ously with the excitation of the electron spin waves, to 
vary the spectrum gap HA due to the hyperfine interac
tion. This was done by saturating the nuclear subsys
tem of the Mn++ ions at the nuclear-resonance frequency 
~ 640 MHz(sJ. To this end, two turns of wire of 0.1 mm 
diameter were wound around the sample placed in the 
resonator, and this loop was coupled with the oscillator 
by a coaxial cable. The oscillator power ( ~ 1 W) was 
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FIG. 4. Dependence of the threshold field on the value of ~rk at dif
ferent temperatures: X-2.17, +-2.03, e-1.75, 6-1.56, 0-1.23°K; 
~'p = 36.1 GHz. 

FIG. 5. Dependence of above-threshold susceptibility x" on the 
power at Irk= 3.5 kOe, l'p = 36.3 GHz, and T = 1.2°K. 

sufficient to obtain a nuclear-subsystem temperature 
Tn = 20oK; HA was decreased thereby to 0.5 k0e 2 • 

The static magnetic field was produced with a 
laboratory electromagnet or with a superconducting 
solenoid. The field-measurement accuracy was not 
worse than 1%. The measurements were performed in 
the temperature interval 2.1--1.2°K. To prevent pos
sible overheating of the samples, the resonator was 
filled with superfluid helium. The bath temperature 
was measured with a resistance thermometer. The 
accuracy with which the temperature was measured 
and maintained was O.Ol"K. We used in the experiments 
MnC03 single crystals grown by the hydrothermal 
method 11 . 

3. EXPERIMENTAL RESULTS 

Figure 3 shows a plot of the absorption curves at 
different amplitudes of the microwave field h at the 
sample. In these measurements, the sample was 
placed in the resonator in such a way that the magnetic 
fields H and h were parallel to each other and were 
in the basal plane of the crystal. It is seen from Fig. 
3 that absorption in fields H < Ho sets in at a certain 
value of the amplitude he. The value of the field Ho 
coincides with that calculated by formula (1) for k = 0 
and v = vp/2. Thus, it can be assumed that the onset of 
absorption at h > he is due to parametric excitation of 
the first branch of the spin-wave spectrum at the fre
quency vp/2. 

Figure 4 shows the experimentally determined de
pendence of he on crk at different temperatures at the 
frequency 36.1 GHz. The value of ak was calculated 
for the given H and T using formulas (1) with the con
stants taken from( 8 l. We note that at ak > 5.4 kOe the 
sample is situated in fields H < 1.5 kOe. Measure
ments of the susceptibilityf 5 l have shown that the 
sample is not saturated. 

From the power llP absorbed by the sample beyond 

11The authors are grateful to M. Yu. Ikornikov and V. R. Gakel' for 
supplying the MnC03 crystals grown by them. 
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the spin-wave excitation threshold we can calculate the 
imaginary part of the above-threshold susceptibility 
x" using the formula 

x" = 11P I vp 1 h'dV. 

The above-threshold susceptibility increases with in
creasing pump amplitude and passes through a maxi
mum at P/Pc ~ 3 dB. Figure 5 shows a plot of 
x"(P/Pc) for O'k = 3.5 kOe, T = 1.2°K and Vp = 36.3 
GHz. 

At temperatures below 1.5°K, we have observed the 
appearance of singularities on the P 1max(H) curves. 
Figure 6 shows the signal transmitted through the 
resonator at T = 1.45°K and vp = 36.3 GHz. In the 
fields H1 and H2, the absorption amplitude has a 
minimum, which can be regarded as an increase of 
~0.2 dB in the threshold field he at these points. Such 
a small change of the threshold lies beyond the accuracy 
of the power measurement, but is reliably observed on 
the curves of the above-threshold absorption. In indi
vidual crystals, the peak in the field H1 has an ampli
tude ~4 dB and nine satellites, with amplitudes 20-30 
times smaller than the amplitude of the main peak, are 
observed on its two sides. 

To establish the nature of these peaks it was neces
sary to ascertain whether the position of these peaks 
depends on the wave vector k or on the field H. This 
can be done by exciting, at the given frequency, a spin 
wave with another wave vector k in the field H. As 
follows from (1), it is necessary for this purpose to 
change the spectrum gap H.A due to the hyperfine in
teraction. H~ is inversely proportional to the tempera
ture of the Mn•• nuclear system( 9 l. It was shown in(9 l 
that the temperature of the nuclei can be raised to an 
arbitrary value T m above that of the lattice by apply
ing enough power at the nuclear-resonance frequency 
corresponding to the given temperature. When varying 
the temperature of the nuclei, we observed the follow
ing: when the nuclear system was saturated, the fields 
Ho and H2 increased and the field H1 remained un
changed. In addition, the value of he for all values of 
k increased somewhat (within 0.1 dB), which may cor
respond to a sample temperature rise .l T ~ 0.01°K. 
From the change of H0 we can calculate H~ for the 
attained nuclear temperature Tn, and then calculate 
O'k for the new value of H2, It turned out that in the 
described experiment the field H2 changed in such a 
way that the corresponding value of Qlk remained con
stant. We can therefore conclude that the anomaly in 
the field H1 is determined by the value of the static 
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FIG. 6. Automatic plot of above-threshold absorption at T = 1.45°K 
and Vp = 36.3 GHz. 
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FIG. 7. Dispersion law v(O'k) for the anomaly in the field H2 . 

FIG. 8. v(H) dependence for the anomaly in the field H1 . 

FIG. 9. Dependence of field H1 

on the angle e between the direc
tion of the static field and the prin
cipal axis of the crystal. 
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field H, and the anomaly in the field H2 is determined 
by the wave vector k. 

A series of experiments performed at the different 
pump frequencies has shown that H1 and H2 vary with 
frequency and do not depend on the orientation of the 
static field H in the basal plane. Figure 7 shows the 
results of these experiments for the peak in the field 
H2, plotted in the coordinates vp/2 and O'k. The ex
perimental points lie on a straight line passing through 
the origin: 

v = 1/,vp = 7.1 [GHz/kOe]ak[kOe]. 

A plot of y( H) for the peak in the field H1 is shown in 
Fig. 8. 

Parametric excitation of spin waves was observed 
at different values of the angle e between the static 
field H and the basal plane of the sample. It turned out 
that for a fixed value of Gk the threshold field he re
mains constant within 10% when e varies from 90 to 
20°. In addition, it was established that when e is var
ied the fields H0 and H2 vary in accordance with 
formula (1) at a fixed value of k. 

Figure 9 shows the dependence of the field H1 on the 
angle e. 

4. DISCUSSION OF RESULTS 

1. The threshold field he, which is determined by 
the spin-wave relaxation frequency <lvk, was measured 
in experiments on parametric excitation of spin waves. 
The question of parametric excitation of spin waves in 
rhombohedral antiferromagnets with weak ferromag
netism was considered by Ozhogin( 7 J and later by Kol
ganovfl01. For the case vp << v2 they obtained the 
following formula for the threshold field: 

(3) 

where H 1 is the field applied in basal plane. This 
formula differs significantly from the formula for anti-
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FIG. I 0. Dependence of the spin-wave damping t.vk on ak for dif
ferent temperatures: X-T = 2.17, +-2.03, 0-1.75, ~-1.56, 0-1.23°K. 

FIG. II. Temperature dependence of the spin-wave damping ~v0 
(ak-+ 0) (in logarithmic scale). 

ferromagnets without weak ferromagnetism (e.g., 
CsMnF3Pl) in that the denominator contains the sum 
2H 1 + HD. Accordingly, we have observed parametric 
excitation of spin waves in very weak fields (down to 
10 Oe). Our experiments have also confirmed that, in 
accordance with (3), he is determined by the projec
tion H sin e of the static field on the basal plane. 

To determine experimentally the dependence of he 
on H and vp, it is necessary to obtain from other ex
periments data on the dependence of ~~~k on the wave 
vector and on the magnetic field. At present there are 
no such data. 

We have subsequently used the theoretical formula 
(3) to determine Avk from the measured values of he. 

2. Figure 10 shows the dependence of Avk on the 
product ak at different temperatures. Attention is 
called to the decrease of Avk with increasing wave 
vector. A similar Avk( k) dependence was observed 
experimentally for CsMnF3 [21 and follows apparently 
from experiments on parametric excitation of a pair of 
electronic and nuclear spin waves and RbMnF3 in 
fields stronger than the flipping field r 111. On the other 
hand, the field he in CuCb · 2H20r 12 l increases 
quadratically with increasing k. A similar dependence 
is usually observed in ferrites. We can therefore con
clude that different spin-wave relaxation mechanisms 
can predominate in antiferromagnets with different 
magnetic structures. Another possible cause of such 
an appreciable difference in the Avk(k) dependence 
might be the influence of the hyperfine interaction, 
which is many times stronger for Mn++ than for Cu++. 
To determine the influence of the nuclear system on the 
spin-wave relaxation, the above-described experiments 
on saturation of nuclear system were performed and 
revealed that heating the nuclei to Tn"" 20°K leaves 
the magnitude and character of the Avk( k) dependence 
practically unchanged. 

The question of the relaxation time in ferromagnets 
with anisotropy of the easy plane type was considered 
theoretically by Ozhoginr13l and by Woolsey and 
Whitefl4l. Ozhogin considered a three-magnon relaxa
tion process. From the energy and the momentum con
servation laws it follows that this process should be 
accompanied by production of short-wave magnons of 
the second branch of the spectrum. At the tempera
tures employed by us, the energy of such magnons is 

hv2k >> kBT, which leads to an exponential dependence 
of the relaxation rate on the temperature. In our case 
this corresponds to an increase of Avk by three orders 
of magnitude when the temperature is changed from 
1.2 to 2.2°K, something not confirmed by the experi
ment, although at T = 2.1°K the experimental value of 
Avk coincides with that calculated from the formulas 
offl3l. In the opinion of Woolsey and Whiter 14l, the 
principal relaxation mechanism should be a three
magnon process occurring on the inhomogeneities of 
the sample without conservation of the magnon quasi
momentum. A quantitative calculationf 4l of the depend
ence of Avk on the wave vector for such processes 
yields a weak decrease of Avk with increasing wave 
vector, in qualitative agreement with our results. How
ever, the question of which relaxation process pre
dominates calls for a more exact quantitative analysis 
for each concrete substance. In particular, as indi
cated by Kolganov, the amplitudes of four-magnon 
processes may turn out to be comparable with the 
experimentally observed relaxation time. 

3. Figure 11 shows in logarithmic coordinates the 
temperature dependence of Avo extrapolated to k = 0 
in the temperature range from 1.35 to 2.17°K, It is 
seen from the figure that in the indicated temperature 
interval Avo = cT 6 ' 4 ±0 ' 2 

A weaker dependence, Avo oo T 4 ' 6 , was obtained 
in r 121 for CuCb · 2H20. It is difficult to expect theoret
ically a simple power-law Avo( T) dependence for 
processes in which the magnons collide only with one 
another, since the energy of the excited spin waves is 
of the order of kBT in the temperature region in which 
our experiments were performed. 

4. We turn now to the singularities of the above
threshold susceptibility. As noted above, they indicate 
an increase of the threshold field he at definite values 
of the wave vector or of the magnetic field. Such an 
increase of the threshold can be naturally attributed to 
interactions between the spin waves and other oscilla
tion modes in crystal, when the spin-wave spectrum 
intersects the spectrum of the corresponding oscilla
tions. We have observed experimentally two such in
tersection points at the fields H1 and H2. 

It follows from the experiments described above that 
the position of the point of intersection corresponding 
to the peak H1 does not depend on the wave vector of 
the spin wave. Consequently, we are dealing with some 
crystal oscillation mode whose energy does not depend 
on the wave vector. This energy, however, depends on 
the magnetic field and on its orientation relative to the 
threefold axis, as shown in Figs. 8 and 9. It is possible 
that this is a magnetic-impurity mode analogous to that 
observed inr 151. We were unable, however, to observe 
the absorption connected with direct excitation of this 
mode by an electromagnetic wave. For a final explana
tion of the nature of these oscillations it is necessary 
to investigate a number of samples with controlled 
impurity contents. X-ray analysis showed that our 
samples contained the impurities Fe (~0.35%), 
Ni (~0.04%) and Co (0.01-0.45%). 

The elementary-excitation spectrum intersected by 
the spin-wave spectrum at the point corresponding to 
the second peak (the field H2) is characterized by a 
linear dispersion law (see Fig. 7) which does not de-
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pend on the magnetic field. It is natural to assume that 
these are phonons. Such an intersection of para
metrically excited spin waves with phonons was ob
served in CsMnF3f2l. 

Equating the energy and momenta of the spin waves 
and of the phonons and having at our disposal data on 
the sound velocity v, we can determine the exchange 
constant a from the equation 

(4) 

Before we use this equation, we should determine 
the propagation direction and the polarization of the 
excited phonons. For this purpose, we use the fact that 
when the magnetic field H is rotated in the basal plane, 
the position and amplitude of the peak in the field H2 
remain unchanged. Consequently, the phonons of inter
est to us are those whose interaction with the spin 
waves does not depend on the direction of the external 
field in the basal plane. To find such phonons let us see 
which terms in the magnetoelastic energy are respon
sible for the excitation of the phonons by the spin waves. 

The equation for the elastic oscillations, describing 
the behavior of the phonons at small k, isP 6l 

(5) 

where O'ik = aJcja Uik (summation over repeated in
dices is implied here and below). The Hamiltonian 7G 
of the system, with allowance for the magnetoelastic 
interaction, is written in the form 

where 

(6) 

(7) 

in the expansion of de me we took into account the fact 
that m « Z. Equation (5) with allowance for (7) can be 
reduced to the form 

(8) 

We introduce a Cartesian coordinate system in 
which the z axis is directed along the principal axis 
C3 of the crystal and the x axis along the binary axis 
U2. We assume that the magnetic field H lies in the 
basal plane and makes an angle cp with the axis x. In 
our case 

lo-1. H, 1c II H. 

Substituting in (8) the expression for 1, we obtain in 
the right-hand side a term of the form 

a [l l (l ' + l ) ) '''"'-"•) + ) ' zqwt-k•) l f3iklm- o/ Om+ o/Am Om •I e •lAme • ax, 

(9) 

(10) 

We are interested in a solution in the form of a plane 
monochromatic elastic wave ui = Uoiei(wt-kr ). From 
this, with allowance for the symmetry of the tensor 
tlikZm relative to permutation of the indices l and m, 
we obtain from (8) a system of three linear equations 

(pw'li,m - a,,,mk,k,) Urn = -2i~~tmkklo!Am. (11) 

The concrete form of the tensors a and p is de
termined by the symmetry of the crystal. In crystals 
of the MnC03 type (symmetry group D~d), the expres
sions for the elastic and magnetoelastic energies 
aref 17 l 

dee= 1/2a,u,,' + 2a,(u,, + u,,)' + a3 [ (u,- u,,)' + 4u,,'] 
+ 2a, (u, + u,")u, + 4a, (u,' + u,,') + 4a,[ (u,,- Uyy) u,, + 2u,,u.,], 

(12) 

deme= ~,(u,, + u,,)l.'+ ~,u,l,' + ~3 [4u,,l,l, + (u,- u .. ) (lx' -l,')] 
+ ~. [2u.,l,l, + u., (l,'- l,') J + r~, (u= + Uyy) (l,' + l,') 

+ ~,u,(lx' + l,') + ~,[u,l,l, + u,,l,Z,] 
+ ~,[2u,yl,l, + (u,- u,,)l,l,]. (13) 

After linearization with respect to ;\. with allowance 
for the second relation of (9), the expression for £'me 
becomes much simpler. 

J6me= 2A-I,e'l•'-""{~3 [2u,,cos2rp- (u,-u,,) sin2rp] (14 ) 
+ ~,[u, cos 2rp- u,, sin 2rp]}. 

For phonons propagating along the z axis, the sys
tem (11) reduces to 

(C .. k'- pw')u, = i1cla~.k cos 2rp, 
(C .. k'- pw')u, = -iAlo~,ksin2rp, (15) 

(C,k'- pw')u, = 0, 

where C33 and C44 are the corresponding elastic 
moduli. It is seen from (15) that no longitudinally 
polarized phonons propagating along the z axis are 
excited, since Uz = 0, and the amplitude of the trans
versely polarized phonons is ut = [ u~ + uy. ]11 " ~ {3 4 and 
does not depend on cp. The propagation velocity of such 
phonons is Vtz = .,; c44/ p. We can show analogously 
that the amplitude of all the remaining phonons depends 
significantly on the angle cp. 

Thus, it follows from our experiments and from the 
calculation that transversely polarized phonons propa
gating along the z axis are excited in the field H2. 

V. R. Gakel' measured the propagation velocity of 
transverse sound in MnC03 along the z axis and ob
tained 

u,, = 3.45·10' [em/sec]± 5%. (16) 

Using this result, we calculated from (4) the volume of 
the corresponding component of the constant a: 

a,= 0.79·10-' [kOe-cml ± 7%. (17) 

According to the data of Holden, Martel, and Svenson 
(private communication) on elastic scattering of neu
trons in MnC03, Olz = 0.84 x 10- 5 kOe-cm. The spin
wave velocity obtained by us is in good agreement with 
this value. 2l • 

The authors are sincerely grateful to P. L. Kapitza 
for interest in the work, to A. S. Borovik-Romanov for 
constant interest and valuable discussion, to V. A. 
Kolganov for a discussion of the results, to V. R. Gakel' 
for measuring the speed of sound in MnC03 single 
crystals. The authors are also indebted to T. M. 
Holden for reporting the results of his neutron-diffrac
tion investigations prior to their publication. 

2lThrough an error, the value of <Xz in [4 ] is larger by a factor 21r. 
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