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Abstract

Various relaxation times observed in antiferromagnetic
resonance of Cu0122H20 were investigated experimentally.
Both pulsed and continuous high power microwaves of about
160 milli-watts were applied to the sigle crystal at low
temperatures and the rise and decay times of the induced
magnetization Mz’ shift of the resonance line, and complex
susceptibilities X' and X" were investigated in detail.
Three characteristic relaxation times were specified.

The transverse component Mx,y decays with relaxation time
T, of about 1078 sec while the longitudinal component M,
relaxes with Tl of about 10"7 sec., An empirical formula

a
for T,, was obtained as T, = (1.1+ 0.1) x 10“6T‘(5'Oio'5)

la
which is considered as the spin-lattice relaxation time.
Another relaxation time le of the order of 10"3"'10'5 sec
was also observed and the origin of this relaxation is

attributed to the lattice-bath heat transfer relaxation.



1. Introduction.

Relaxation mechenism in antiferromagnetic crystals is yet
almost unknown, while that in para- and ferro;magnetic materials
has been investigated considerably. One of the reasons for
this is that antiferromagnets suitable for a precise analysis
of therelaxation mechanism, as YIG with regard to ferromagnetic
relaxation, are hard to find. Since the linewidth in antiferro-
magnetic resonance is a measure by which one should be able
to infer the relaxation mechanism, measurements of it have been

done in several materialsl)“'B)

with varying temperature.

The corresponding theory is, however, not complete, theories
hitherto published bveing in disagreement with one another,

The linewidth resulting from the interaction of the uniform
precession of the magnetization with spin-wave has been studied
theoretically, on the basis of four-magnon precesses, by Genkin
and Fain%) by Kawasaki?) by Harris§) and by several othersy)ﬁ'g)

Loudon and Pincuslo)

treated the effect of dipolar interaction

and estimated, on the basis of two-magnon processes, the line-
width arising from some types of point imperfections and pits.

A theoretical study of two-magnon one-~phonon processes for the
temperature dependence of the spin-lattice relaxation time was
performed by Upadhyays and Sinhatl)  On the other hand,

attempts have been done to investigate the relaxation by observing
a nonlinear effect appearing in the antiferromagneﬁic resonance

in Cu0122H20}2) ICI‘JxxF3:,L3) and MnCO3:.L4) Heegert?) has pointed

out that the nonlinear effect may be due to the onset of spin-
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wave instability analogous to that of a ferromagnet, and he

estimated the spin-wave linewidth of KMnF3. Various types of

nonlinear dynamic phenomena in antiferromagnets were theoretically

studied by Ozhogin}S) Recently Naiman et a1}6) measured the

spin-flop relaxation time near the critical field Hc in Cu0122H 0.

2
In order to investigate the relaxation mechanism in an
antiferromagnetic spin system, we tried to observe directly the

behaviour of the longitudinal and transverse magnetic momonts,
MZ and Mx,y'
the resonance when a pulsed microwave was applied to an antiferro-

We observed the magnetic flux change induced by

magnet, Cu0122H20. This is similar to the observation made by

17) 18)

Damon and Bloembergen and Wang for the study of the ferro-

magnetic relaxation in some ferrites. The specimens used are
single crystals of Cu0122HéO. The reason why we adopted this
compound is that the minimum value of the antiferromagnetic
resonance full-linewidth was about 7 Oe, which is the narrowest
of all observed so far in antiferromagnetic resonance.
Accordingly, this compound may be considered as one of the best

substances for studying the relaxation. Antiferromagnetic

properties of this compound have been well investigated: the

magnetic susceptibility was measured by Van der Marel et al.}g)
the specific heat by Friedberg?o) the proton magnetic resonance
21)

by Poulis et al., and the neutron diffraction by Shirane et

a1?2)23) Detailed measurements of antiferromagnetic resonance

in Cu0122H2) were made by the Leiden group24) more than ten
years ago. Afterwards, more precise measurements were performed
by Date and Nogata2®) Their results were well understood by
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the theory developed by Nagamiya and Yosida€6) by Ubbink?7) and
25)

by Date and Nagata. Recently, new resonance lines were found
near the a-axis by the present author?a) though the origin of

the lines was not yet clear. It is known that Cu0122H O has

2
an orthorhombic anisotropy energy which aries from dipolar

and anisotropic exchange interactions?g) does not have one-ion

type anisotropy energy because of S=l, and possibly has a

canted antiferromagnetic spin arrangement due to an antisymmetric

anisotropic spin coupling?o)
Now let us consider an induced magnetization due to resonance.

As is well known, the total magnetization is zero at O0°K when an

external magnetic field H is applied along the spin easy axis 2z,

ifli(fﬂr In the state of resonance, however, the magnetizations

Mx’ My, and Mz are not zero. In this case there are two

resonance modes, i.e., the low- and high~-frequency modes (see Eq.(2)).

The steady state orientations of the sublattice magnetizations

in the low-frequency mode, whose relaxation effects were investi-

gated in this paper, are shown in Fig.l. When a microwave,

whose frequency satisfies the resonance condition, is applied

stepwise from the time t=0, the transverse components Mx and M&

begin to oscillate with the microwave frequency, while Mz rises

from zero up to an equilibrium value, with a relaxation time Tl,

according to

i, () =1 {1 - exp(~t/1,) | (1)

where Mg means the equilibrium magnetization along the z~axis

induced by the resonance. A similar relaxation effect is also

seen when the microwave is cut off. In this paper various
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Z (easy axis)
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INDUCED
MAGNETIZATION

Fig.1l Equilidbrium orientations of the magnetization
of the low-frequency mode wjy.
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characteristics of Mz and its relaxation time will be discussed,
together with the resonance shift, line broadening, phenomelogical

X' and X" near the resonance.

2. Crystal structure and spin orientation.

The crystal structure of Cu0122H20 is well known; it is
orthorhombic with lattice parsmeters a = 7.38h, b = 8.04%, and
c = 3.72&. There are two copper ions in the chemical unit cell
at (0,0,0) and (%,%,%). Below the Néel temperature of 4.31°K,
the spins of the cu** ione take an antiferromagnetic arrangement,
which was studied by a proton resonance experiment by Poulis and
Hardeman?l) Within the limit of the analysis of the experiment,
it was known that all the spins in each ab-plane are parallel
to each other and they are antiparallel to the spins in the ab
planes immediately above and below, This spin superstructure
was confirmed by a neutron diffraction experiment by Shirane et
a1?2) The direction of easy magnetization is the a-axis, In
the unit cell there are four water molecules at (0,+u,0) and
(%,%1u,0), with u=0.25, and four chlorine ions at (+u,0,+v) and
(%1u,%,¢v), with v=0,37, The copper ions are subjected to an
approximately orthorhombic crystalline field which has different
orientations for the corner and base-centered ionms. One of the
principal axes of the field coincides with the b-axis of the
crystal while the other two axes are rotated about the b-axis,

away from the a- and c-axes, by an angle of ~38° for the cormer
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ions and +38° for the base-center ioms, Thus. the two magnetic
ions in a chemical cell are crystallographically inequivallent.

Moriya3o)

proposed the canted spin arrangement for this crystal
from his theory of antisymmetric spin coupling. Recently
Umebayashi et al?B) performed a neutron diffraction experiment
on Cu0122D20 and obtained a canted component of about O.luB.

The crystal structure and spin arrangement are shown in Fig.2.
The angle of spin centing may be of the order of several degrees

in Cu0122H20 and is not shown in the figure.

3. Experimental method.

The specimens used in this experiment were grown at room
temperature gradually from the saturated aqueous solution of pure
copper chloride. The process took more than one month. Green
single crystals having well-developed (110) faces were obtained,
which have a needle-like shape and show a perfect cleavage along
the o¢-~plane. To prevent deliquescence, the single crystals were
preserved in pure clock oil. The weight of the single crystals
usually used in the experiment was 2~4 mg. A sample of 50 mg
was used in order to determine a long.Mz relaxation time of
millisecond order.

Fig.3 is the block diagram of the experimental system.

A pulsed microwave of X band with rise and decay times of about
3 x 10~8 sec was applied to TElOl rectangular cavity. The
microwave power was supplied by a V=58 klystron which was modulated

by a pulsed voltage applied to the repeller electrode, and the
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maximum power feeded in the cavity was about 160 mW, An impedance
matched pick-up coil of 10 turns and 3.5 mm in diameter was placed
inside the cavity so as to catch the flux change induced by the
resonance, The coil is connected by a coaxial line to a video
amplifier, the output of which can be displayed on a synchroscope.
In order to observe a short relaxation time of ~~ 1078 sec, it

is important that the impedance of a pick-up coil is equal to

that of a coaxial cable, The wave shape of the signal at various
points in the detecting system is shown in Fig.4. The gain
characteristics of the video amplifier is flat at 60 db up to
about 30 Mc/sec., Typical signals are shown in Fig.5. The
voltage induced in the pick-up coil is proportional to sz/dt.

TheQ oft§ecavity wherein a pick-up coil was placed, was 1200, while

both
the Q without a pick-up coil was 14OQA§t liquid helium temperature.

would De

If a pick-up coil wis placed outside the cavity, it ~ difficult

to catch a small MZ signal. But as we cannot place a large coil
inside the cavity for measuring MZ whicﬁ;fa long relaxation time,
another pick-up coil of 0.5 mH was placed near the slit outside
the TE101 cavity, Figfgisﬁg%a(gge relative positions of the
cavity, the sample, and the pick-up coils. The transverse
component of the magnetization Mi,y was detected by a one turn
pick-up coil placed on the bottom of the cavity as is shown in
Pig.6(0. The pick-up coil catch the microwave voltage induced by
the resonance and the voltage is introduced to a coaxial cable-
wave guide convertor and hence to a crystal detector,.

When a continuous microwave of 160 mW was feeded in the cavity,

the helium bath temperature was raised by 0,25°K from 1.48°K,



MICROWAVE
FIELD STRENGTH

—> TIME

2-COMPONENT
OF MAGNETIZATION

Mz(1)=Mz'{l-exp(-f/Tn)}

INDUCED
VOLTAGE

Fig.4 Mz signal at some points in detecting system.
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This heating comes from the joule loss in the microwave skin depth
of the wave guide and cavity. The bath temperature was measured
by a carbon thermometer which was carefully shielded from microwave
and placed near the cavity, The carbon thermometer of 50 ohm

at room temperature was calibrated against the wvapour preséure

of liquid helium. By using the critical field Hc for the spin
flopping as an indicator: of the spin temperature, it is found

that the spin temperature at off resonant condition accords with
the bath temperature measured by the carbon thermometer. Hc
was determined as folloWs: & pick-up coil for measurements of

Mz was connected to a Pound-Knight type NMR detector because the
NMR detector can sensitively detect the change in the magnetization
accompanying the spin flop transition. When a microwave is ©
applied stepwisefﬁgmthe time t=0, the bath temperature and also

the spin temperature rise gradually to an equilibrium temperature.
& similar effect is also seen when the microwave is cut off,

An observed time dependence of the bath and the spin temperature

is shown in Fig.7. The characteristic time is about 60 sec.

Of course this heating effect can be rejected when pulsed micro-

waves are used.,
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4, Results and discussions,

When the external field H is applied along the spin easy
axis gz and is smallexr than Hc’ the resonance frequency w of

antiferromagnetic resonance in Cu0122H20 is given by26)

g2_l[ 2 \1e2 2.2 2.2 . 21ﬂq
(#)%= 3 |(1+4a® B2 40, 40,1 (1=® )°H 42 (14a) 282 (G, 40, ) +(C1~C, ) , (2)
where ¥ is the gyromagnetic ratio and « is the coefficient

defined by

«=1=Xi/Xe, (3)

where Xy is the susceptibility when Ho is applied parallel to
z and X1 is the susceptibility when Ho is applied perpendicular

to z. Furthermore,

C, = 24K, C, = 2AK,, (4)
where A is the exchange constant of the molecular field
approximation and Kl and.K2 are the anisotropy energy constants
along the b~ and c-axés, respectively. The upper and lower
signe before the {} in Eq.(2) correspond to the high-frequency
mode Wy and the low-=frequency mode wz,reSPectively. We studied
the relaxation effect of the low-frequency mode with &
frequency at 9;0 ko/éec,and the corresponding resonance field
is 5.0 kOe at 1.4°K, At this frequency, another resonance

can be observed when H is 7.1 kOe (H)>H_ ),  But this mode is
inadequate to study the relaxation because the linewidth is

anomalously large and this line is closely related. to the new

resonance linesge) found near the a-axis, The resonance
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diagram and linewidth of the new lines will L» appearcd in “he
section 5. The frequency-field diagram when an external
magnetic field is applied along the principal axes are shown
in Fig.8. Van Till et al}z) first observed a shift in anti-
ferromagnetic resonance field of Cu0122H20 at high microwave
power but they did not precisely analyzed the high power effect
of "the resonance.

We startegﬁégn experiment for high power effect of the
antiferromagnetic resonance, using continuous microwave. As the
results of the experiment:;, we found that both X" and X'
declined with increasing microwave magnetic field hl’ that is
to say,igaturation effect occué%d and that the resonance
position shifted toward higher field with increasing hl and
it terminated in a discrete jump of the resonance line to some
other position as had been found by Van Till et al. In the
case of high power experiment using continuous wave, the heating
effect of both the lattice and the spin system should be considered
carefully. As WillrbePmentiohb%isection 3, helium bath
temperature is raised by a continuous microwave but this heating
effect can be rejected by using pulsed microwavev?hjféfterwards,
"l experiment was performed by using pulsed microwaves whose

duty ratio was decreased until'it~was able to ignore the heating

effect.,

a) Shift in the resdnance position.
It is frequently observed that the antiferromagnetic

resonance point ohserved at the end of the microwave pulse (MPf)

- 18 =
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shifts toward higher field with increasing microwave magnetic
field hl‘ Moreover it also shifts toward higher field as the
pulse is broader (Fig.9). But the resonance point observed

at the start of the pulse (MPi) does not shift with the microwave
power change, As the origin of the shift, two possible
mechanisms are considered: the first is the shift induced by

a large angle precession of the magnetization under high power
excitation and the second is the shift due to a rise in spin
temperature. Now we consider first the shift due to the increase
of the precession angle. When the higher k spin~waves are excited
the individual spins in the same sub-lattice are tilted. In

this case, the calculation of the shift is rather complicated
because the shift will depend on the number of excited k=0 and
k#0 magnons with a k-dependent factor. It may be allowed to
estimate the limit of the shift on the basis of molecular field
approximation, though this approximation is inaccurate to
calculate the shif+t. The equation of motion of the two sub-~
lattice magnetizations is

N + a7 +
%é%mi Syt x (H + Ho= + H~ ), (5)

where ML is the magnetization of the + and - sublattice, H,
He’ and Ha represent the external magnetic field, the exchange
field and the anisotropy field, respectively. Following
Nagamiya.and Yosida's procedure, we define

M =Mt + oy, M =Mt - M, (6)
Now an exchange field is given by

HY = -AMC - Ty, (7)

and anisotropy field is

| Klmii KQMyi
HE = (- -

: o M

where x, y, and z axes correspond to the b, ¢, and a axes of the

+

o), (8)

-20 -
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Cu0122H20 crystal,respectively, and Mo is the sublattice
magnetization. When the applied field is smaller than Hc and
is parallel to the z-axis, the equation of motion of M and M'

can be written as follows:

SML (9)

Ku,

K M
LAy o (HoA 2
sy = (H-AM,+ 2M2)M;, + (AM! +

2M

!
Z
o

)

Q.
=
]

2M

0
Mt K. M
e TV K,
.(AMZ + 2M2)M:x - (H-AMz + 2)M;{ s (10)
(¢} 0

Ldye - o,
Z

Noticing the first order correction of the large angle precession

additio

in S AT I%o the Nagamiya-Yosida's procedure, the secular

determinant of the resonance frequency is given by

K. M!
— 1w H 0 22
b 2M2
"0
K, M!
- H - M -tz 0
7 2M2
(o) =0 . (11)
- Ly -
0 AMé Y H AMz
- - 1w
- AMé 0 H + AMZ ¥




In Nagamiya-Yosida's theory, terms such as AM; and AMZ are
simply written by 2AM° and O at 0°K, respectively, Under
high rf-field, however, changes of Mz and Mé cannot be neglected.

We therefore have

(%)4 - (%)2{% +04 + Bl 4 (H-AMZ)2 }+ H2(H-AMZ)2

- H(H-AMZ)(C:'L+ cl) + cjo3 =0, (12)
where Méa M'2
C! = AK %5 C) = AK ~%= , (13)

The terms (AMZ)2 in the coefficient of (w/Y)2 in Eq.(12) can
be neglected in the case of HY) AM, . This simplifies the .

calculation and we have
H(H-AM_) = % [2(%)24- ¢+ ¢} i{8(0i+ 02')(7‘2)2+(ci-02')2}1/2] . (14)

“For w = 9,0 kMc/sec, H was numerically calculated with

2

varying the ratio Mz/Mo from 10~° to 10™° at T = 0°K,  The

estimation of Mé was made as follows: Mé can be calculated from
Mz and 82/9l where 61 is the angle between M* and the z-axis

and 6, is the angle between M~ and the z-axis (Fig.1). The

2
ratio of 62 to 91 is given by

0 2H
2 =1+ (512 (15)
1 e

Since the anisotropy energy of CuC;22H2O has :.i: orthorhombic
symmetry, the precession of the magnetization is not circular
but elliptic, FYor simplicity, however, we use an effective

Ha estimated as follows: In the uniaxial case at 0°K, Eq.(2)
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is given by
2 = (u-Jo )2, (16)

Experimental -valués  of w = 9,0 kMc/sec and H = 5500 Oe,

' V. . —
(which is the modified fieégvgg H = (g/é)Hexperiment9 Cave
substituted in Eq.(16) and we obtain the effective C to be

C = 2HH_ =75.9 x 10° 06 . (17)

This value and H = 1.16 x 10° Oe, which is estimated by

Joenk?l) is substituted in Eq,.(15) and we have

gi = 1,075 . (18)
Fig.1l0 shows the resonance field H with varying “1n- ratio
Mz/Mo' H shifts toward lower field with increasing MZ/MO up
to (Mz/Mo) =4 x 10-3. ‘A~ shift less than 2 Qe is expected
by the magnetization Mz = (443) x 10_4Mo which was induced by
the antiferromégnetic resonance at 1.4°K.z§;actical estimation
of MZ will be discussed later). Therefore the shift of the
resonance induced bizghange of the precession angle is
negligible. Nex%t weAconsider the shift due to the temperature
risé of the spin system, A temperature dependence of the

k24) and was well explained

resonance field was measured by Ubbin
by Eq. (2). More detailed measurements‘of the temperature
dependence of the resonance field in the temperature range
1.4 { 7<2,0°K were done and the result is shown in Fig.1ll.
In this temperature region the resonance position gradually

shifts toward higher field with increasing temperature,

- 24 =
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Therefore one can estimate the spin temperature under resonance
by using the data shown in Fig.1ll. An example of the heating
shif+t is shown in Fig.9. Open circles in the figure represent
the observed shift as a function of pulse duration time when a
pulsed microwave (160 mW peak power) was applied. The solid curve
is drawn under an assumption that there is no heat transfer
from the crystal to He bath, namely, the assumption that all
energies given by the microwave should stay in the crystal.
Apparent deviations between the so0lid curve and observed points
are seen nearly above 10"5 sec., This means that the energy flow
relaxation time from lattice to bath is of the order of 1 x Zl.O'5
sec, Detailed estimation of the lattice-bath relaxation time
will be given later, Similar relaxation effect was observed
just after the cutoff of a microwave. The resonance position
returns gradually toward the low power poSition. A transient
recovery of the resonance position was monitored by applying
another low power microwave. A result at T=1.6°K is given in
Fig.12 where thermal recovery occurs with a characteristic time
of 3 x 10"'4 secC., It is noticed that the relaxation time obtained
at the beginning of a pulse is about 1/30 smaller.than observed
at the thermal recovery process. Detailed discussions
concerning with this discrepancy will be given later.

The resonance line shape under saturation was investigated
using a continuous high power microwave. The line shape
becomes asymmetric when a microwave power increases because

the resonance shift due to heating makes the line shape complex.
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When & magnetic field approaches to the resonance field from
lower field, the field for the resonance shifts to higher
field but the absorption stops abruptly at a certain magnetic
field., This shift terminates in a discrete jump of the
resonance line to the low power position. When the field
approaches to the resonance from the higher field, the resonance
line is pulled up slightly as is shown in Fig.13,. Such a
hysteresis effect is easily explained by the shift due to heating.
A low frequency unstable oscillation was also observed when
a magnetic field was in this hysteresis region with the
oscillation frequency of about 1 kc/sec. The origin of this
oscillation can be explagﬁned by the following mechanism: Under
a strong rf-field, the sample'absorbs microwaves and then the
reaonance shifts to the higher field. Accordingly the
off-resonant condition occurs just after the microwave absorption
and sovthe spin system becomes cold. Then the first resonance
condition without shift realiges again. This push-pull effect
was actually observed at high microwave power levels.

b) Iinewidth.

In many antiferromagnetic crystals, temperature independent
residual linewidths were measured and it is believed that the
residual linewidth of an antiferromagnetic resonance originates
from lattice distortions or crystal imperfections. In fact,
when a sample of Cu0122H20 was first immersed in liquid helium
the linewidth is the narrowest. The linewidth of the same
sample becomes broader and the line shape becomes complex

of
with repetLtIog&he process of cooling and heating, It may

- 29 -



INCREASING H

DECREASING H

ABSORPTION

\ —_—

) 1 1

4980 5000 5020
MAGNETIC FIELD (Qs)

Fig.l3 Resonance line shape by a continuous high power

niocrowave,

- 30 -



be said that the linewidth is broadened on account of many
invisible cracks caused by rapid cooling. A temperature
dependence of antiferromagnetic resonance linewid+th in Cu0122H20
was measured in the temperature range 1.4 { T {2.6°K. The
observed narrowest linewidth is 7 Oe at 1.4°K which is smaller
than that of the same compound measured by Gerritsen et al})
and is smaller than that of any other antiferromagnet, :for
instance, 300 Oe of MnF22) and 20 Oe of CuF,2H,07/ Since the
measurements were made at a constant frequency rather than a
constant field, a correction factor (l/?)(dwg/aH) should be
multiplied to the experimental values, This correction factor
can be obtained from Eq.(2) and it is shown in Fig.14. The
reduced full half-linewidths are given in Fig.15. After
subtracting the residual width, the results were compared with

a T2 curve. As isg shown in Fig.1l5, the temperature dependence
of linewidth cannot be represented by T2 throughout the
temperature range of the experiment. The temperature range of
this experiment satisfies the condition of kT)‘MwQ and Mwh is
comparable to kT.and there are no corresponding theory to explain

the result. Theoretical work on antiferromagnetic resonance
linewidth has been done by several authors but the results are in

disagreement with one another, The temperature dependence of
linewidth is proportional to Tl by Urushadze?) T2 by Kawasaki5)

and Tani7) or T3 by HarrisG) in the temperature range of

KT/ghg (2HeHa)l/ 2. We cannot measure the linewidth at high »
power because the line shape is distorted as shown in Fig.13.

It is well known that a full half—linewidth AH between the points
of half maximum absorption may be considered as a measure of the
antiferromagnetic relaxation. Now we define T2 as the

corresponding relaxation time, namely,
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2
T, = 759 » (19)

The reduced linewidth of 10 Oe (true width is 7 Oe) at 1.4°K
corresponds with T, = 6 x 1078 sec.
c) Measuremenéfﬁz and the relaxation times.

Considering ¢arefully the facts discussed in (a) and (b),
the differential magnetization induced in the pick-up coil
were investigated in detail. As a conclusion, it was found
that there are two characteristic relaxation times describing
the z-magnetization change induced by the antiferromagnetic
resonance. Fig.16 shows these two relaxation phenomena.

In Fig.l6(a)jﬁ¥353 and decay curves of dMZ/&t'at resonance

are illustrated with rapid sweep. The relaxation time
calculated from this figure is of the order. of 10~ 1~10"2 sec.
between 1.4 and 2,0°K and is called hereafter as Tla' One
more slow relaxation time.called le is shown in Fig.16(Db),
which is of the order of 102~ 102 sec in the same temperature
region. Now let us discuss first the rapid relaxation time

T The measurements of Tla were made in the temperature

la’
range from 2,0 to 1.4°K and an observed temperature dependence

of T is shown in Fig.17. It is found that T a is shorter

la 1
than 3 x 1078 sec avove 2.0°K and that the data in the range

1.4 T7¢{2,0°K are well described by an empirical expression

Tig = (1.140.1) x 10-6T—(5i0'5? 32) An interesting fact is

i . £
that T, observed at MP, (Tla),ls not equal to that at MP, (Tla).

f

Usually Tla

is shorter than that of Tia and depends on the
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Induced signals by the change of M. (a) Signal of
relaxation time Tla°(1 x 10~7 sec per division.)
(b) Signal of relaxation time T, andlnignal of
Tla is also seen both at the beginning and the
end of pulse.(2 x 10~2 sec per division)
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pulse width and microwave power (Fig.18 and 19). As is easily
understood, this shortening effect comes from heating up of

the specimen. To verify this, two methods of estimating the
temperature of the specimen are compared. In FPig.20, temperatures
estimated-from the resonance shift and change of the relaxation

time Tf are shown., The agreement between both estimates::

la
ci8neides satisfactorily.

Angular dependences of Tla in the ab and ac planes were
measured and shown in Fig.21 and 22, When H is applied along
the a-axis, Tla is the largest, This can be qualitatively
understood as follows: When H is parallel to the z-axis, the
motion oga;pins is of the simple form so that the possibility
to include non-diagonal elements concerning theli relaxation
isg smaller tha%ithe case where Hignclined %o the z-axis,

Now let us consider the total magnetization change under
‘.. regonance, Under a 160 mW pulsed microwave at 1.4°K,
sz/dt becomes zero after about 10~ sec. Calibrating the
induced flux due to sz/dt, the induced magnetization M, at
this time was determined as

i—;—'ﬁl =4 x 1074 (20)
0
where Mo is the sublattice magnetization. If we assume that
there are no change of the sublattice momehts, a schematic
view of the precession can be drawn agXFig.ZB(a) and the
induced moment is given by Fig.23(b). The condition of

2Tla=T2 is required in order to conserve the magnetization.

but the transverse relaxation time T2 calculated from the
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linewidth is 6 x 10~° sec and T, =2 x 107 sec at 1.4°K.
Therefore the transverse component of the magnetization M§f§
. b &

in Fig.23(b) is overestimated by a factor of 2T, /T, and so M
la’ ~2 X,Y

JI, should be as given in Fig.23(¢). The corresponding scheme
of the sublattice magnetizations are represented by Fig.23(d).
Thus the behavior of the induced magnetization in Cu0122H20
at the initial stage of the high power microwave pulse.can be
visualized easilye—atly, The heating up effect of the spin
system was also investigated by varying the microwave power
and pulse width, One of the results isc shown in Fig.24 and
M, at the end of a.pulse ime given in Fig.25 as a function of
pulse width.

Next we discuss another relaxation time T which is

1b
very long compared with Tla' Because of the long relaxation

time we used a pick-=up coil of 0.5 mH which was placed near

the slit outside the cavity. An example of the experimental

data is shown by a photograph given in Fig.16(b). An interesting
fact is that this relaxation time depends on the condition

of liquid helium bath. Fig.26 shows the temperature dependences

of T especially near TA which means the transition temperature

1b
of 1iquid helium from He I to He I. -le is constant in the
ab-plane as iB:shown in Fig.27. Considering these facts, the
relaxation time le is attributed to the lattice-bath relaxation
time in CuCl,2H

272
investigated (Fig.28) but other complex change of the relaxation

0. Power dependence:: of le viBn also

is not understood yet.
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d) Measurements of X" and Mi,y‘
HeegerlB) found that the imaginary part of rf susceptibility

X" at antiferromagnetic resonance in KMnF3 declined with

increasing hl anéﬁ%ointed out that this effect might be due

to the onset of spin-wave instability analogous to that for

a ferromagnet, though he did not observe MZ induced by anti-

ferromagnetic resonance. His argument is as follows: When

the uniform mode reaches a critical amplitude, the effect of

the nonlinear terms willo cause an exponential growth of the

degenerate higher.épin—wave which is degenerate in energy with

the uniform mode. This exponential growth acts as a 1OSS‘df

the uniform mode and holds:the amplci-ftugléf\f]i?tggeﬁt_ the critical

value. Therefore, an increase in rf field does not yield a

corresponding increase in transverse moment, since the higher

k spin—wave;havei%et transverse moment. This produces an .

appearent saturation of the uniform mode rf susceptibility

in a magnetic resonance experiment. In consequence, Heeger

derived the critical rf field hc for the onset of instability

to be

h, =4AHO(YAHk/(uO)1/2, | (21)

where AHO and AHk ére, respectively, the uniform mode and
spin-wave linewidths, and Wy is the antiferromagnetic resonance
frequency.

We observed power dependence: of X" of antiferromagnetic
resonance in Cu0122H20 using microwave pulses of various

widths at 1.4°K as is shown in Fig.29, X" at resonance
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declines with both increasing microwave power level and increasing
pulse width, The microwave magnetic field strength h1 was

determined from the cavity parameters and the microwave power

using a formula h2 - QLPQ 2 '
17 wyu 1+ (22)
C)xgz » ,
and = 35 )%, (23)

where QL is the loaded Q of the cavity, P, is the power in the
cavity, w, is the microwave frequency, ["is the cavity reflection
coefficient ( r'2=power reflected/power incident), and Vc is

the volume of the cavity. Q;=1400, P =150mW, v =8.9 kMc/sec,
u=1l.24, and ["=0,13 were substituted in Eq,(22) and we obtain
h§=0.34, namely h1=0.6 Oe, Fig.29 shows hc for the decline of
X" to be about 0,06 Oe and this value and linewidth were
substituted in Eq.(21)., We obtain the spin-wave life time to
be 6 x 1077 sec. This is in disagreement with T,, of 107/ sec
order, Moreover, in Heeger's model of spin-~wave instability,
the induced magnetization Mz increases with increasing h1 though
X" declines at the same time. But our experimental result
(Fig.24 ) shows that Mz at the end of the 10 usec pulse declines

with increasing hl near maximum input power. There is an
ambiguity in the determination of X" and Mz because the resonance
point shifts with both increasing hl and increasing pulse width.
With varying H the maximum value of X" and MZ at MPf was measured
and so H did not satisfy the resonance condition at MPi because
of the shift in the resonance position. Therefore the physical
meaning of X" and Mz at MPf is ambiguous and we cannot conclude
whether the decline of X" in Cu0122H20 is due to the spin-wave
instability or not.

The transverse component of the induced magnetization Mx,y
was observed and its relaxation time was determined as

T,<$5 x 1078 sec.



e) Energy transfer model.

Considering the facts described in the previous section,
an energy transfer model infe%%d from the present experiment
is as follows: The relaxation time of uniform precession (k=0)
with spin-waves (k#0) is very short and of the order of 1078

sec because & very rapid transverse decayT.leO-8 sec was

t the:relaxation
8

ascertained, Thi® is also checked by

time calculated from the residual linewidth (6 x 10 - sec).

It should be noticed that the short relaxation does not accompany
the longitudinal relaxation, namely, the decay of Mz. This
means that the relaxation is the transition from k=0 magnon

to k#0 magnon with the comservation of M_ component.  The
poseibility of direct decay to the lattice is not considered
because the relaxation time Tla is long enough compared to Tz

at low temperatures, Next the decay constant Tla is considered.
It may be clear thaﬁiﬁz decay corresponds to the spin-lattice
relaxation. In other words,Tla means the relaxation time of
k#£0 magnons. Finally the relaxation time le corresponds

with the decay time between lattice and bath, as was described

in the previous section, A schematic block diagram of the

energy transfer model is given by Fig.30.
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5. New antiferromagnetic resonance lines in Cu0122H20.

Detailed measurements of antiferromagnetic resonance in
CuC122H20 were made by the Leiden group and their results were well
understood by the theory developed by Nagamiya and Yosida and by
Ubbink except for small deviations. Afterwards, Date and Nagata
pointed out th;%x&ain part of the deviations can be removed by
introducing an inter-sublattice anisotropic exchange interaction
in addition to the ordinary intra-sublattice anisotropy energy.

The discrepancy still remained between the theory and experiment

is the presence of a dip near the a-axis (spin easy axis) appearing
in the resonance diagram of the ab-plane. (Fig.31.) During the
study of the dip, we found new resonance lines in the ab-plane as
shown by solid curves in Fig.31. They are weak and broad and

are strongly angular dependent as shown in Figs.3] and 32,
Moreover, they have asymmetric line shapes having steep tail on
the lower field side, The experiments were performed at 1.4°K
using microwaves of 9.0 and 4.2 kMc/sec with microwave powers less
than 1 mW for both frequencies, It is noted that the new lines
can be excited only by an rf-field perpendicular to the a-axis,

The origin of the new resonance lines is not clear yet. It

might be possible to explain the resonances by the following i ~n
mechanism: near the dip, intra-sublattice spin canting angles due
to the Dzyaloshinski-Moriya interaction argithe order of 0,1~0,0L
degree which may be smaller than that of an antiferrmagnetic Larmor
precession excited by a microwave, Accordingly, two equivalent
canted states corresponding to two possible arrangements of canting

spins in a ferromagnetic layer will be mixed, accompanyng a new
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resoance branch near the a-axis,

Now it may be said that there is a possibility to explain
the origin of the dip in the ah-plane as a,mixihg effect of the
well known Nagamiya~Yosida line and the new line. An anomalously
broad line-width in the dip supports this possibility, since the
resonance line in the branch well described by the Nagamiya-Yosids
theory is very narrow giving a maximum-slope width of 6 Oe, as

its narrowest cage,
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