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The effect of modulation of the magnetic field (frequency F = 0.05 to 2.5 MHz, amplitude H,, = 0-2
Oe) on the threshold of parallel microwave pumping (w,/2m =362 GHz) in the easy-plane
antiferromagnets MnCO; and CsMnF, is investigated theoretically and experimentally. A mechanism of
“indirect” modulation of the “ferromagnon” frequency via participation of an “antiferromagnetic” mode
(i.e., of a mode linearly excited by the longitudinal microwave field) is proposed. Good quantitative
agreement between theory and experiment is obtained. It is noted that an investigation of the dependence
of the pump threshold on the rf modulation frequency serves as an independent method of measuring the
paramagnetic-magnon relaxation frequency, and furthermore, does not call for absolute measurements of

the alternating-field amplitudes.
PACS numbers: 75.50.Ee, 75.30.Ds, 78.70.Gq

The question of the influence of the high-frequency
(RF) modulation of the magnetic ffeld on the threshold
of parameteric excitation of magnons was first con-
sidered by Suhl,! who showed that the threshold should
increase in this case because the parametric resonance
condition is violated in the mean. ‘A qualitative experi-
mental confirmation of Suhl’s theory was obtained by
Hartwick, Perressini, and Weiss? for yttrium iron gar-
net (YIG). Zautkin, L’vov, Orel and Starobinets® devel-
oped a rigorous theory of parametric excitation of mag-
nons in a ferrite in the presence of RF modulation of
the constant field and confirmed it quantitatively by ex-
periments on YIG.

The singularities of parametric excitation of magnons
in antiferromagnets are due to the presence of two mag-
non modes, one of which (“quasiferromagnetic”) is
linearly excited by an alternating magnetic field h per-
pendicular to the constant field H, while the other
(“quasi-antiferromagnetic”) is linearly excited at
hilH* i.e., by a field having the same polarization that
is needed for parametric (nonlinear) excitation of the
ferromagnetic mode. Therefore, besides the direct
pumping process that takes place in ferrites, in anti-
ferromagnets there is an indirect pumping process of
comparable intensity, due this linear excitation of ho-

_mogeneous oscillations of the “antiferromagnetic” mode
and to the nonlinear mode coupling.®®

For parallel microwave pumping of “ferromagnons”
in easy-plane antiferromagnets, which are the most
convenient from the experimental point of view, the
equation for the threshold amplitude, in the case of a
pump frequency w, <<w,, (w,, is the frequency of the ho-
mogeneous resonance of the antiferromagnetic mode),
is of the form®

2Nix0p
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where w, is the pump frequency 7,, is the ferromagnon
relaxation frequency, H, is the constant magnetic field,
and H, is the Dzyaloshinskii field. This simple formu-
la makes it possible to determine the magnon relaxation
frequency from parameters measured in experiment.

It is obvious, however, that an experimental verifica-
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tion of Eq. (1) itself is possible only if an independent
measurement is made of 7,,—for example by measuring
the transient processes in a system of parametric mag-
nons. It turns out’ that in experiments of this type the
decisive role is the time of loss of phase correlation of
magnon pairs in the above-threshold state, which ap-
parently differs from the magnon lifetime determined
from the parallel-pumping threshold.

It follows from the results of Ref. 3 that a study of the
effect of RF modulation of the constant field on the par-
allel-pumping threshold also yields information on the
relaxation parameter of the excited magnons. We have
therefore undertaken an analogous investigation for
easy-plane antiferromagnets (AF), paying particular
attention to the participation of the antiferromagnetic
mode in the formation of the modulation mechanism.

INDIRECT MODULATION MECHANISM

We consider an AF with easy-plane (EP) anisotropy,
placed in a field HI| LP at a temperature T <T,. Let
H=H,+hcosw,t+H, cosQt, where & is the microwave
pump amplitude and H, is the amplitude of the RF mod-
ulation (2 < w,, so that the phase shift between the
pump and the modulation can be disregarded). Starting
from Eq. (A.1) of the preceding paper® for the energy of
the electron-spin system and diagonalizing it with the
aid of the UV transformation [Eqgs. (5a) and (A.1) of Ref.
8], we represent the Hamiltonian of the problem in
terms of the normal amplitudes c,,,cf and c,,c}; of
the ferro- and antiferromagnons:

1
7”=0)1502n.020+7 (h cos @pt+Hn cos Qt) Ry (20" +C20)

+ Z [outGeyHpm cos Qt—Bx (€20"+c20) losxCix
k
+ {2 [Fxth cos @pt— (®r’cao'+¥ s20) Jencomntc.c. } (2)
k

All the symbols are those used in Ref. 8, except that
the index e is omitted, since we shall deal exclusively
with the electronic (e) spin subsystem.

The terms containing c,, and ¢} with k#0 can be dis-
regarded at low temperatures. We have left out also all
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the fourth-order terms, which are needed only for the
description of the above-threshold state. In addition,
we have omitted the terms

Gryh cos @ptcix’Cix, Fyyh cos Qtencrx.

The former were omitted because the very fast (micro-
wave) modulation of the ferromagnon frequency does not
influence the threshold, and the latter because the low-
frequency pumping (2<w,,) cannot lead to parametric
excitation because the energy conservation (time syn-
chronism) condition cannot be satisfied.

At k < aj', where a, is the lattice constant, the co-
efficients in (2) take the form

Re=(Upn—Vu) (2NS)"*, Fy=2UnVasiny, Gr=2(Un*+V,?)siny;
0;=2'1Ho cos \P(Uzovnz—vzouil‘) / (ZNS) V‘v
W\ =2yH, cos $(Unol n*—VaoVir?) / (2NS) ™,
Or=4YH, c0s Y(Us0—V20) UnV i/ (2NS) ™,

where ¥ is the equilibirum sublattice cant angle, de-
fined by the equation

Hyg sin 29=Hp cos 2¢+H, cos .

The terms with F, and G, describe the “direct” pump
and modulation processes, respectively, and stem from
the Zeeman term in the initial expression for the ener-
gy. On the other hand the terms with ¢,, ¥, and O,
are due to the nonlinearity of the symmetric and anti-
symmetric exchange interactions between the sublat-
tices and their contribution to the pump and to the mod-
ulation is “indirect” and typical only of AF: the term
with R, makes possible linear excitation, at the fre-
quencies w and £, of the homogeneous antiferromag-
netic mode up to amplitudes c,, proportional to # and
H_, and these, owing to the three-particle terms with
the coefficients ®,, ¥,, and ©, renormalize both the
pump (see Refs. 5 and 6) and the modulation.

Under the most frequently encountered experimental
conditions($2, w,, YH <K W,y < wg) the expressions for
these coefficients are greatly simplified:

”kzakz’f (H0+Hp)/2m|[,
2Ro®gz2Ro‘¥.ane.z'anmzoan.

Then the equations of motion stemming from the Hamil-
tonian (2) yield for the amplitude of the homogeneous
(2 =0) antiferromagnetic mode

c,oz—'{hR,e""/Z(ou—‘YH...ROG'"'/zo)u-i-c,c, (3)

Substituting (3) in (2) we obtain the renormalized Hamil-
tonian

1 -
T% =zl‘ (0 +20xHn cos Qt) eix” Cox

+ [2 Pk cos @ptes’ Croxtc.C. ] s (4)
k

O~V (2HoHHp) fho . (4a)

The reasoning of Ref. 3 is now fully applicable; in
particular, for not too large H,<H_ . and not too small
Q>2n,, we easily obtain an expression that describes
the influence of the RF modulation on the threshold &
of the parametric excitation of ferromagnons with w,,

=w/2:
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where &, is the threshold pump amplitude in the ab-
sence of modulation, see Eq. (1).

As already noted, expression (1) for &, cannot be
verified in experiment, since it contains a material
characteristic 7,, that is not directly measurable. On
the other hand expression (5), which contains 7,, in
combination with the experimentally set modulation fre-
quency &2, lends itself fully to direct verification and
furthermore does not require the usually difficult abso-
lute measurement of %, But since the expression for
h,o and k, were obtained within the framework of the
same computation scheme, an experimental verification
of (5) can be regarded also as a check on the validity of
Eq. (1), the latter being customarily used for the mea-
surement of magnon relaxation frequency in AF by the
parallel -pumping method.

EXPERIMENT AND DISCUSSION OF RESULTS

The measurements were made by the standard proce-
dure® in a pulsed regime (the duration of the synchro-
nized pump and modulation pulses was 200 usec) at a
pump frequency w/ 27 =36.2 GHz. The investigated
sample was placed in a TE,, resonator and subject to
three parallel magnetic fields in the basal (easy) plane
of the crystal: the constant field H,, the microwave
pump & cosw, ¢, and the RF modulation H, cos§¥t. The
modulation field with amplitude H,, =0-2 Oe and fre-
quency £/2r=F=0.05-2.5 MHz was produced-by a sin-
gle-turn coil located on the resonator axis and contain-
ing the sample (a plate measuring ~3 X2 X0.5mm). The
presence of the modulation coil decreased the @ of the
resonator by one-half (to @ =1500). All the measure-
ments were made at T=1.7 K. To assess the role of
the Dzyaloshinskif interaction we investigated the single
crystals MnCO,(H, =4.4 kOe) and CsMnF;(H,=0).

Figure 1 shows the relative increase of the parallel-
pump threshold in MnCO, as a function of the RF modu-
lation frequency F at different H,. These functions are
plotted in Fig. 2 in coordinates for which Eq. (5) pre-
dicts a straight line:

(h/ha—1) "' =aF*+; (6)

hr/"’rl
r

2

£, MHz

FIG. 1. Relative increase of the threshold of parallel pumping
in MnCO; as a function of the RF modulation frequency: H,
=0. 8 kOe; curves: 1—H,=0.1 Oe, 2—0.15 Oe, 3—0.2 Oe,
4—0.25 Oe, 5—0.35 Oe and 6—0.5 Oe.
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FIG. 2. Plots of the relative increase of the parallel-pumping
threshold in MnCO; against the RF modulation frequency in co-
ordinates in which the theory [Eq. (5)] predicts straight lines;
Hy=0.8 kOe, T=1.7K; curves: 1—H,=0.1Oe, 2—0.15 Oe,
3—0.2 Oe, 4—0.25 Oe, 5—0.35 Oe and 6—0.5 Oe.

here

am (n/U)YV4H,:, pmaAvit  (Avimna/z);
Uy (2H,+Hy) /20,.

(6a)
(7)

The experimental points are seen to fit straight lines
well. Discrepancies are observed only at low frequen-
cies, where the theory developed by Zautkin et al.® does
not hold (in Fig. 1 this region corresponds to the steep
slopes of the curves at low frequencies). The deviations
from the straight lines are due to the fact that the the-
ory assumes modulation of the natural frequency of the
magnons w,, without a shift of the magnon packet in k
space. It is obvious that this condition is not satisfied
at sufficiently low frequencies: the packet follows the
k variation, which is determined by the parametric-
resonance condition w,,(H)=w,/2, more accurately the
lower the modulation frequency. By the same token,
the effect of modulation on the threshold of the parallel
pumping is decreased.

Figure 3 shows the dependence of the relative in-
crease of the threshold of the parallel pumping in
.MnCO; on the RF modulation frequency. The initial
quadratic growth saturates gradually. A similar expla-
nation of this behavior of the curves can be found also
in Ref. 3. We are interested in the region of H,, and F
where a quadratic growth of the threshold is observed
with increasing H,, and F~! and it can be assumed that
the minimal threshold is reached for magnons with w,,
=w,/2. All the subsequent measurements were made
just in this region, where, in particular, we can dis-
regard the dependence of the coefficient U, on k and
therefore put U, =U [see (7)].

Equations (6a) predict a linear dependence of the
quantities @ and 8 on H;2. Figure 4 shows the depen-
dence of the slopes of the straight lines of Fig. 2 on
H.2, The slope of the obtained straight line is 0.54% 0.1
Oe?/MHz?, in good agreement with the value 0.59 Oe?/
MHz? calculated from Egs. (6a) and (7). The plot of
B(H??) is also a straight line, from the slope of which
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FIG. 3. The relative increase of the threshold of parallel
pumping in MnCO; vs. the RF modulation amplitude; H,
=0.8 kOe, T=1.7K, and the frequency F is marked on the

curves.,

we can determine the relaxation frequency of the para-
metric magnons for MnCO; in a field H,=0.8 kOe at
T=1.TK:

Nue=nAvi= (1£0,1) -10* sec’!.

Figure 5 shows plots of the relative increase of the
threshold of the parallel pumping in MnCO; on the
square of the modulation frequency at fixed H,, =0.25 Oe
and different values of H,. Analyzing the dependence of
the slopes of these straight lines on the parameter
(2m/U)?, we can verify the assumption that an indirect
contribution is made to modulation of the ferromagnons.
In accord with (6a), this plot is a straight line with a
slope 3.75 Oe™ that agrees well with the calculated
value 1/4H2=4+0.8 Oe™. Figures 7 and 8 show the
analogous plots for CsMnF,. The slope 0.9 Oe™ of the
line in Fig. 8 again agrees well with the calculated
value 1/4H2=1+0.2 Oe™.

The fact that the plots in Figs. 6 and 8 are straight
lines having a slope that agrees well with the calcula-
tion in which it is assumed that U=y*QHy+ H,)/2w,
attests to the validity of the developed theoretical prem-
ises concerning the mechanism of the modulation of the
frequency of the paramagnetic magnons: the contribu-
tion made to the quantity U *2w,/¥* by the direct modu-
lation process amounts to H,+Hp, while the contribu-
tion from the indirect process is H, This can be re-
garded as a quantitative confirmation of the existence
of the indirect mechanism of modulation with participa-
tion of the upper magnon mode. Since the indirect mod-
ulation and the indirect parallel pumping have identical
mechanisms, the verification of Eq. (5) can be regarded
also as a confirmation of the validity of Eq. (1) for the

& [a,MHz'z
w

20+

L 1 L 1 J
a7 L4 a0 e
1/H5,0e2
FIG. 4. Plot of the coefficient a [see Eq. (6a)] against H?,
obtained from the results of Fig. 2.
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FIG. 5. Relative increase of the threshold of parallel pumping
in MnCO; as a function of the RF modulation frequency; H,,
=0.25 Oe, T=1.7K; the values of H; are marked on the
curves.

threshold of parallel microwave pumping in easy-plane
AF.

The stage-by-stage comparison of experiment with
theory, made in Figs. 4-8, confirms the validity of Eq.
(5). Our main experimental result can therefore be
represented quite illustratively as the following. Let
W be a combination of the parameters measured direct-
ly in the experiment:

_ (h/ho—1) " Qoy ®)

w
YHn

It follows from (5) that at £%> 472 the following equal-
ity should hold:

W=2H,+Ho. ©)
The solid lines in Fig. 9 are plots of Eq. (9), while the
points were calculated with the aid of (8) and correspond
to the experimental data averaged over many measure-
ments at various H, <1 Oe and F>1.2 MHz. It is seen
that the experiment agrees well with the calculation.

We note by way of a curiosity that Fig. 9 demonstrates
also an independent method of measuring H,.

12 ar.,MHz'2

I 1 1 J
aJ V4 ¥

(2x/0)?MHZ 2 - Oe?
FIG. 6. Plot of the coefficient & against (27/U)* based on the
results of Fig. 5.
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FIG. 7. Relative increase of the parallel pumping threshold in

CsMnF; as a function of the RF modulation frequency; H,,
=0.5 Oe, T=1,7K; the values of H, are marked on the curves.

MODULATION METHOD OF MEASURING THE
MAGNON RELAXATION FREQUENCY

Analyzing the slopes of the lines in Figs. 5 and 7, we
determined the coefficient U and obtained useful infor-
mation concerning the magnon frequency modulation
mechanism. We consider now the intercepts of these
lines with the ordinate axis, which we shall designate
by B. It follows from (6) and (7) that the magnon relax-
ation frequency is :

Y:(2H,+Hp) H.B"
20, ’

Nu=nAvw=UH.p" = (10)
Consequently the method of RF modulation of the mag-
netic field makes it possible to measure also the relax-
ation frequency of the parametric magnons. To this
end, as follows from (6), it is sufficient to measure the
frequency dependence of the relative increase of the
threshold at fixed values of H,, H,, and w, and calcu-
late Ap, = (8/a)V/2.

The magnon relaxation frequeney was previously ob-
tained principally by measuring the absolute value of
h.o of the threshold amplitude of the parallel pumping.
This calls for an exact calculation of the distribution of
the microwave magnetic field in the resonator, as well

1 1 1 —
Vi 0w W W
(2x/4)? MHZ 2 - O€?
FIG. 8. Plots of the coefficient a against (27/U)? based on the
results of Fig. 7.

Ozhogin et al. 987



¢

|
7 g
2Hy ,kOe

FIG. 9. Dependence of the function W [see Eq. (8)] on 2H,.
Solid lines—calculation by Eq. (9), points—averaged results
of measurements made at different F>1,2 MHz and H,, <1 Oe;
T=17K, wp/21r=36. 2 GHz.

as measurements of the microwave power and of the @
and coupling coefficient of the resonator. The use of
the modulation procedure greatly simplifies the mea-
surement procedure, and under favorable conditions
(Hp=0, see below) the accuracy of the measurement of
the magnon relaxation frequency is within several per
cent. :

We were unable to measure the dependence of the
magnon relaxation frequency on H,for MnCO, because
the presence of H, =4 kOe masks the variation of the
combination 2H,+ H,, at small H, and the intercepts 8
at various H differ little from one another. In CsMnF,
we have H,=0, and change of H, leads to a noticeable
change of 8 (see Fig. 7). For CsMnF; we can therefore
obtain formally the relaxation frequencies 7,[k(H,)] as
functions of H2 (Fig. 10). This quadratic dependence
agrees with the results of earlier measurements of this
quantity,® in which Eq. (1) was used.

Kotyuzhanskfi and Prozorova® have proposed to re-
gard Ay, as a sum of two terms: the first, av, . (Hy, T)
is due to collisions between the quasiparticles, and the
second Ay, (k) is determined by the dimensions and
quality of the sample, and is measured as the limit of
Ay, as H,~ 0. A comparison of the absolute values of
Ay, obtained for CsMnF; in Ref. 9 and in the present
study (Fig. 10) reveals a noticeable discrepancy (by an
approximate factor of 3) in both Ay_,, and Av,,,.. The
relaxation parameter measured by us in MnCO,, Av_,,
=0.32 MHz, is also approximately 3 times larger than
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FIG. 10. Relaxation parameter Av,=m,/7 of parmetric mag-
nons of CsMnF; measured by the RF modulation method at T
=1,7K as a function of H}; w,/27=36.2 GHz.

the results of measurements based on the parallel-
pumping threshold,'® made on samples from the same
source as used by us. This discrepancy possibly calls
for a more careful examination of the question of the
identity of the relaxation parameters that enter in ex-
pressions (1) and (5).

We are deeply grateful to I. K. Kikoin for interest in
this work and L. A. Prozorova for helpful discussions.
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