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Synopsis

Spin dynamics near the critical point was studied by the
dispersion—-absorption technique, which is the complex suscepti-
bility measurement, on a quasi two dimensional ferrimagnet
Mn(CH3COO)2-4H20 and a guasi two dimensional Heisenberg ferro-
3)2CuCl4.

The critical slowing down, which is the most fundamental

magnet (CH3NH

phenomenon near the critical point, was observed as a dip just

at TC in ¥'(w) in Mn(CH3COO)2°4H20 for the frequency higher than
180 MHz. This was the first observation of the dip in ¥x'(w) Jjust
at TC due to the critical slowing down in the spin system. The
critical exponent of the relaxation time for the uniform mode,

A, was revealed to be 1.3020.03 for 0,06<e<1 (€=T/TN—1) in the
paramagnetic region. This value is smaller than that of the
static susceptibility, y, which is 1.53%#0.03 for the same € region.
This fact indicates that the Onsager's kinetic coefficient I,
which is defined as L=Y¢/7, definitely increases as the transi-
tion point is approached. The increase of L means the develop-
ment of the torgque which acts on the uniform mode. Another
important result is a small but definite deviation of the Cole=
Cole figure from the semi-circle to the Cole-Cole arc as the
transition temperature is approached. The deviation reaches to
B=0.9 at Ty from B=1.0 for the high temperature regioﬁ, where

B is the measure of the deviation from the Cole-Cole semi-circle,
in the notation of the phenomenological theory of Matsubara and

Yoshimitsu.



In (CH3NH CuCl4, the dip was also observed in y'(w) just

3)2
at Tc for the frequency higher than 9.8 MHz. The critical exponent
A is 1.05x0.05 for 0.003<e<0.1l. The critical exponent vy is 1.73
for 0.05<e<0.3 and 1.2 for 0.003<e<0.05 (crossover from 2d Ising
to 3d Ising). The crossover phenomenon was not observed in the
dynamic quantity f. Y is larger than A for the whole ¢ region,
which means a definite divergence of the Onsager's kinetic co-
efficient L, though it is weaker than that of y, and f. The
deviation from the Debye type semi-circle to the Cole-Cole arc
was also observed when the transition point was approached. B8
decreases from 1 for € smaller than 0.0l where Xo is diverging
with a definite critical exponent. B8 finally reaches to 0.9 at
Tc. The decrease of B from 1 is understood as the polydispersive
relaxation.

The spin dynamics in the random diluted ferromagnet

(CHBNH xCdxC14 (x=0.08, 0.11) was studied by the Cole-Cole

3) 2041~
plot. The Cole-Cole figure is approximated by a semi-circle

or a symmetric Cole-Cole arc in the high temperature region, but
as the transition point is approached it becomes anomalously
depressed, especially in the low frequency region. The angle
between the abscissa (y'{w)-axis) and the tangent at w=0 is about
m/4, which implys that the asymptotic form for t+~ of the relaxa-
tion function is t /2,

The relaxation time near T, under the external field was
2 3),CuCl,. The relaxation

time, which gets slow down sufficiently near Tc' makes a quick

studied in Mn(CH3COO)2~4H 0 and (CH3NH

recovery to a fast relaxation time when the field is applied along

ii



the second easy axis. The Onsager's kinetic coefficient L dras-
tically increases when the field is applied along the second easy
axis. The experimental results are discussed comparing the case
when the field is a?plied along the easy axis which is the same

direction of the susceptibility measurement.
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I. General introduction

The investigation of the critical phenomena near the second
order phase transition point has made a great strides in recent
ryears. We have reached the deep understanding of singularities
of various physical quantities at the criticél point in the

static case. The most transparent result is the hypothesis of

the universality, which has been supported by various experiments.

The hypothesis states that the critical exponents must be identi-
cal for ali systems which belong to the same universality class.
The crossover phenomena from one universality class to another,
which can be detected as a change of the exponent of one univef—
sality class to another, are also found in some experimentsB)
when the transition temperature is extremely approached; for
instance, quasi two dimensiénal system comes to order into three
dimensional system as Tc is extremely approacheé. Although
there remain some problems concerning the static universality,
for example the exponents in the random system which is béing

4)

reformulated as a weak universality, there is a tendency in
these days that some of the interests shift to the dynamical
phenomena in the critical region. It is not only because time
dependent phenomena themselves are brilliant, but also because

they would promisingly give much more microscopic informations

than the static phenomena.
Dynamical properties are reflected in the gquantities such
as relaxation time, relaxation function and the kinetic coeffi-

cient. The detailed sudy of the relaxation time and of the

1,2)



relaxation function of the uniform magnetization will give

the microscopic picture how the uniform mode flucﬁuation is decomposed
into the random noise. The value and the temperéture dependenée

of the relaxation time will reflect.thé elementary relaxation

process. Exponential decay funétion correspohds to a

single relaxatioﬁ process. Noh—expohential decay function, for
instance, some power decay'fuhction of £, suggests the possibility

of the existence of the multi-decay process which will come out

just at C.S’G) The Onsager's kinetic coefficient L is defined
phenomenologically as %%=—L%§, where F is the free energy and M

is the order parameter of a ferromagnet. L contains the informa-
tions of the microscopic torque acting on the unifom magnetization.

7)

As is shown by Mori and Kawasaki, L is expressed'as the time
integral of the torgque correlation function. The torque correlation
function contains the coupling between g=0 mode and g#0 modes
via some anisotropic interaction or non-linear interactions,
where g denotes the wave vector. The temperature dependence of
L will reveal how this coupling develops near TC. So the study
on dynamics will lead to the more profound and general undexr-—
standing of the phése transition or the critica;-phenomena from
the microscopic view point.

In the study of the dynamics near.the critical point, the
most'funduﬁental phenomenon is the»¢ritical slowing down. The
phenomenon that the relaxation time of the order parameter
becomes enormoﬁsly long is closely connected with the diver-

gence of the correlation length in the static sense at the criti-

cal point. The thermodynamic restoring force to the equilibrium



state vanishes at Tc as a result that the curvature of the free
energy becomes flatter, which corresponds to the iarge fluctuation
not to easily decay and which in turn correspondé to the diver-
gence of the susceptibility. | |

The critical slowing down of the ﬁniform mode has been found

8,9) When we study

as a diP in e* (w) at Tc in the_ferroelectrics.
the critical dynamics’in the spin sysfem, we wouldvlike to begin
with this phenomenon of the dip in x* (w) which is a direct
observation of the critical slowing down in the low frequency
region. It might be due to the effect of the xy components in

the spin system that there has not been any observation of this
dip in x'(w) at T.-

Next problem is to check experimentally the longest limit of
the relaxation time at Tc' Does the relaxation time diverge to
infinity, or turn out to be constant, or change to speed up? If it
diverges, what is the numerical value of the critical exponent?

The third is the temperature dependence of the Onsager's
kinetic coefficient L. L is expressed as 1l/t=L/Xs phenomenologi-

10)

cally. According to the conventional theory which states that
I, is constant and is not singular at the critical point because
only short wave fluctuation contribute to I, the relaxation time
diverges as the static susceptibility and the exponent of the
critical slowing down of the ferroﬁagnetic order parameter is

the same as that of the static susceptibiliﬁy. Does the coven-

tional theory hold in the real magnetic system or not? If L

diverges more strongly than the static susceptibility, the

critical slowing down is replaced by the critical speeding up.



As L originates in the interaction which does not conserve the
total magneﬁization, it must be sensitive to the aﬁisotropy or
something in the Hamiltonian which does not commute with the
uniform mode in the Heisenbefg system. How do»the Xy components
in the spin system affect L? .

The fourth is to exémine whether the relaxation fdnction
does deviate from the expoﬁéntial type decay in the extreme
vicinity of the critical point. Does the relaxétion of the order
parameter continue to follow the exponentiél decay or change to
a slower type for large t such as some power law of t? This
can be manifested by the shape of the Cole-Cole plots ofvx'(Q)
and x" (w). If the asymptotic form of the decaj function for
large t is described by some power law, the Cole-Cole figure
becomes depressed in the lower frequency range. The non—-exponen-
tial reiaxation has been suggested by a phenomenological

1/2

approachG) which has the asymptotic form of t for t+» just

at Tc' This may be interpreted as a polydispersive relaxation

which means that there are many slowly varying modes. Kinzel

11) 1/2

and Fischer also showed that the same t behavior of the

uniform magnetization could appear at the freezing point in the
spin glass. Their result is based on the random distribution
of the exchange interaction which ieads to the polydispersive
behavior near the transition point. These theories must be
checked experimentally in the real system.

There have been some experiments focussed on the dynamical

12, 13)

critical phenomena. The most popular and powerful experi-

14, 15)

ment is the neutron inelastic scattering. As the energy



of the thermal neutron is comparable with that of»the excitation
in the magnetic system, this measurement is fitted for obtaining
the microscopic time-scale informations. And it also has an
advantage to obtain wave vector dependent phenomena. Sd it has
been a leading experiment, providing the verification of the
dynamic scaling law and of the existence of the new modes such
as sloppy spin waves in théAparamagnetic region. But owing to
neutron's high energy, it is difficult to_probe into the phenomena
near the origin of (q,w) space, which are the most important
and interesting in the critical spin dynamics. We would like
to attack the region near the origin of (g,w), bearing the problems
mentioned above in mind.

ESR line width experiment is another popular experiment.

16)

Anomalous line broadening near T,. in some antiferromagnets

N
was one of the brilliant results. The external field inherent
to the magnetic resonance brings an inevitable difficulty on
the study of the singular behavior in the ferromagnetic phase
transition, although the recent report by Roetzler et al.l7)

on a ferromagnetic Cr compound insisted that in the low field
limit the line width was independent of the external field and
it would bring about the imformation compatible with that of
zero field. It séems actually that the results of the resonance
and those of the nonresonant relaxation measurement are differ-
ent. Line width measures the angular average of the fluctuation
perpendicular to the static field, while the nonresonant relax-

ation measurement can measure the fluctuation of the order

parameter MZ itself without the external field.



Here we are interested in the relaxation of the ferromagnetic
order parameter itself. So we have adopted the so~called disper-
sion—absorption technique, in other words, the frequency dependent
complex susceptibility measurement. This technique is fitted for
low frequency phenomena up to lO9 Hz, though limited g=0 mode only.
It also has a merit to take the external field as an independent
parameter. This technique would bring about essentially impor-
tant informations concerning the problems mentioned in the
preceding paragraph.

In this thesis, the critical spin dynamics by the disper-
sion—-absorption technique is studied in some salts which can be
approximated to the two dimensional ferromagnets. Low dimen-—
sional materials have a wide temperature region for the cfitical
phenomena which brings the fruitful results.

A brief explanation of the experimental procedures and the
sample preparations is written in chapter II.

The experimental results on Mn(CH3C00)2-4H20 which is approxi-
mated to a two dimensional ferrimagnet are presented in chapter III.
NH

Chapter IV gives the experimental results on (CH CuCl

3 3)2
which is a quasi-two-dimensional Heisenberg ferromagnet. Some

4

phenomenological analysis is done in this chapter.
Chapter V is devoted to the experiment on the randoﬁ diluted
ferromagnetic system (CH3NH3)2Cul_XCdXCl4. The randomness
effect on the dynamics is: aimed at. The discussion is made by
the recent theoretical work on the dynamics of the épin glass.
Final chapter concerns with the relaxation under the external
fields. Main attention is on the Onsager's kinetic coefficient

L under the external field H), and H;.
| 6
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II. Experimental procedures

§ITI-1. Measurement of hiéh frequency susceptibility x* (w)
Measurement of therhigh freéuency magnetic-susceptibility,

x'{w) and x" {w), was performed from 1 MHz up to 450 MHz using

Hewlett Packard §ector voltmeter A-8504. .Figure I1-1 displays

the block diagram of the aéparatus for high frequencyrsuscepti—

bility measurement. The principle of the measurement is as follows.

The high frequency wave genereted by the signal geherator is

splitted into two branches by the hybrid Teef, one of which is

fed to the referenCe‘probe A of the vector voltmeter and the

1)

other to the helical resonator in the cryostét and then is

guided to the test probe B. When the circuit is tuned, reactive
components are canceled out, so the impedance of the resonator

is always resistive, and there exists no phase shift of the
propagating wave through the resonator. Whatever the frequency

is, the phase difference between A and B is constant so long as
the circuit is tuned. The vector voltmeter is used to-detect

the phase difference between A and B. The frequency of the signall
generator is locked to the resonant frequency by the servo-system
so that the phase difference betWeen A and B is unchanged when

the susceptibility of the sample varies»as T approaches Tc' _The
lengths of transmission lines from the signal generator tc A and -
B are set equal using the 1ine—stretcher,++ in order to ﬁinimize

the possible error resulting from the change of the resonance

frequency due to x* (w).

+ Anzac Electronics, model HH-107.

1t Japan High Frequency Co., Ltd., SRC-S-222P.
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This phase detection method is more sensitive and accurate
than the conventional Q-meter method, because the éhase changes
drastically when the frequency is swept across the resonant point,
while the amplitude variation in the Q-meter method is dften
Vflat, and besides it becomes almost imperceptible near the criti-
cal point‘as the magnetic abSorption increases and the Q-value
gets worse. . . |

For the measurement of lower frequenqy ( 1 MHz<f<50 MHz ),
the usual LC circuit was used in place of the helical resonator.

Real and imaginary part of x*(w) are obtained from the
following relation, which are calculated from the impedance of
the circuit.

4y ' (w)n=A-1,
dry" (w)n=(A-1) /20,9,
a=0%+1) / (1/2%4030%),
Q=wS/wB,
Z=Vg/Vi,
where w and V denote the resonant frequencies and the amplitudes
of the output of B. The suffix S and B stand for the presence
and the absence of the sample in the resonator, reséectively.
Qo is unloaded Q-value of the resonator and n is a £illing factor.
The dielectric constant of the sample is so small compared with
magnetic susceptibility which increases enormously near the transi-
tion point that it has a negligible effect on the data.

Magnetic susceptibility for lower frequencies (<100 kHz)

was performed by using the modified AC Hartshorn bridge method,

whose block diagram is shown in Fig. II-2. The induced voltage
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lower frequency region (<100 kHz).

11



across the secondary coil is proportional to the susceptibility
if the compensation of thé coil is_pérfect. x‘(wf and X" (w)
are ‘detected by the usual lock-in detection. .

The.absolute value of the magnetic susceptibiiiﬁy was calcu-
lated by thé ﬁéll knéwn Value of Mn(NH4)2(SO4)2-6HZO, which is

given hear 4.2 X as

X = .ZT - (ému/mol;).

§II-2. Cryostat design

The measurement for higher temperature than 4.2 K, in the

302 4

the adiabatic cell which is shown in Fig. II-3. And for precise

case of (CH4NH;),CuCl, and Mn(CH,CO0),-4H,0, was done by using
temperature control even below 4.2 K it is necessary to construct
‘the adiabatic cell to control temperature electronically. Allen
Bradley 100 Q carbon resistor was used as a thermometer and a
temperature sensor as well, and 1 kQ manganin wire as a heater.

The carbon resistor was calibratéd against 4He and H, vapor

2
pressure and the superconducting transition point of Pb (six nines)
using the empirical formula, |

7 1-A/InR + B + CInR..
As the susceptibility meésurément was performed up to 450 MHZ;
the adiabatic cell and heat link to the sample must be madé-of
non-metallic materials’in order to avoid eddy current losses.

Double glass.cell and qﬁartz plate were used. Quartz has an

excellent heat conductivity below 50 X which is almost compara—

12
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Fig. II-3. Schematic view of the cryostat.
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ble with that of Cu metal. It contains little paramagnetic
impurities. The sample adhered to the quarti plaée by Apiezon

N grease was confined in an inner glass céll with 4He gas which
not only brings a better thermal contact between the saﬁple and
the Cu block but also helps the samplenfrom dehydration or oxida-
tion through a run of experiments. The crystals of Mn(CH3COO)2-4H20
Qere also coated with silicon oil. The adiabatic cell was so
constructed as to be movable vertically by the gear at the top

of the cryostat for the purpose of gettin; the resonant frequency
of the resonator without the sample. The whole system was made
rigidly so that any spurious errors might not come in when moving

the adiabatic cell.

§II-3. Sample preparation
The crystals of Mn(CH3COO)2°4H2O used in this study were

grown from the agqueous solution by slow evaporation ét 15n25°C.
The points to make a big crystal are precise temperature control,
slow evaporation and using large Schales. Chemically analyzed
concentration of Mn ion in Mn(CH3COO)2-4H20 prepared in this way
is 22.35 wt. % while the calculated one is 22,43 wt. %.

| Crystals of (CHBNH3)2
from methyl alcohol solution of CH3NH3C1 and CuCl2 (stoichiometric

CuCl4 were prepared by slow evaporation

mixture) at 35040°C. 1In this case, the essential point is also

very slow evaporation.

- 14



§1I-4. Correction for demagnetization effect
It should be noted that divergence of the'suséeptibility
along the easy axis is stopped at the value of N;l, where N
denotes the demagnetization factor‘depending on the,sﬁapé'of'the
sample. This fact comes frdm the well.known relation,
- H=H__ - NM, | (2-1)

where H is the internal field and He ‘is the external field.

xt
The relation between the intrinsic susceptibility x and the

apparent susceptibility Xapo is

-1 -1
= - N, 2-2
X Xapp (2-2)
The relation (2-1) could be extended to the time dependent field
as H(t) = Hext(t) - NM(t). (2—3)
The similar relation with (2-2) will be obtained for the complex
susceptibility x* (w).
-1 -1
* {1 = y* w - N. . (2-4
X* () XEpp (©) (2-4)
Although N can be obtained from the calculation if the sample
shape is ellipsoidal, it is very difficult to shape the present
crystals exactly ellipsoidal. So we determined N as follows.

3) that

It is usually found in various ferromagnetic materialsz'
the static susceptibility along the easy axis_of the ellipsoidal
crystal is constant below Tc and that the constant value is equél
to N"l which is calculated from the shape. In the case of
(CH3NH3)2CuCl4 the constant value of the static susceptibility

( the measurement was done at 50 Hz which can be regarded as
static in this case ) was found to be consisteht with the éalcu—

lated one. So we used the value obtained from the static suscepti-

bility measurement for the demagnetization factor. In the case

15



of Mn‘CH3COO)2-4H20 we used the'calculated value from the sample |
-'shape.

blThe dimensional ratio of the sample, the ratio df fhe 1onger
axis to the shorter one, lies.betweenlS and llvfor'éach.sample.’

" The ellipsoidél shape would be the most preferable, because this
makes it easy toiset the specimen along the axis of Fhe measuring
coil ( parallel to the easy a#is ) and because the demagnetization
correction is small so long as the'diﬁehsional ratio is large
enough. If the sample is shaped toroidally, there exists no needv
for the demagngﬁizafion correction, but the susceptibility reflects .
fluctuations along the toroid, which are not what we want fo know
at the critical point.

Next, let us see how the relaxation time and the type of the

4

dispersion obtained from the experimental xépp(w) and X;p

are corrected by the demagnetization effect. If the dispersion

p(w)

is the Debye-type which expresses x;pp(w) as

. Xo
x* (w) = __ﬁ_jgﬂl_ ’
app J1+iwT
C app

the intrinsic susceptibility x* (w) is given by (2-4) as

-1 l+iw1a 5
x* (w) "~ = __i___lhg_ - N
. %app

: T .
1+iw 2pp
. [ l—NXoapp ]
[ X°app ] .
l“NXoapp

16



Therefore

Xo,
Xo = 1_NX0app ’
T
T = ——2PP_
1=NXoapp
Xo
- Xeo _ Mapp
L T T -

app
It is easily seen that if the dispersion 'is- the Debye-type, the
corrected dispersion is also the Debye-type. In other worxds

the Cole-Cole semi-circle is not changed by the demagnetization

4

correction. Only the absolute value Tapp is transformed to

Tapp/(l—ngapp). This feature is also found in thevcase of the

Cole=Cole arc.

- . Xo -
x* )7t = W17t -
1+ (iwT )
app
1+i0~)[ . Tapé 1/6 ]B
. § _(l—NXoapp). ) .
Xoapp .
1"NX0app

17



The figure of the Cole-Cole arc is unchanged. Tapp is transformed

to Tapp/[l—NXoappll/B. It is not an easy matter to verify the

above feature for the general polydispersive case.
Koetzler et al.4) devised the ingenious formula to derive

L from X0, and y!

PP app
But in order to investigate the relaxation time directly and to

(w) free from the demagnetization effect.

look into the Cole-Cole figures at the critical point, the tedious
i ‘

demagnetization correction is inevitable. _

18



IIT. Critical slowing down in Mn (CH3coo)2~4H20

§ITI-1. Introduction

Manganese acetate tetrahydrate (Mn-+acetate) is monoclinic
and has a crystallographic layer la-b plane) structure. Figure
III-1 shows the crystal structure projected on the a-b plane

1)

obtained by the neutron diffraction. There are two sites of

Mn ions designated Mnl and an.” Inequivalence of the numbers

of Mnl and an in the same plane makes each plane ferrimagnetic.
The plane is made up of groups of three Mn ions which are coupled

to each other by a linkage of an—O—Mnl—O—an. According to the

2) 3)

saturation magnetization measurement and the neutron diffraction
the exchange interaction within this trimer is antiferromagnetic
andvrelatively strong which might be a comparable situation to
that in MnO. The coupling between these trimers in the same plane
is ferromagnetic and the coupling between adjacent layers is
antiferromagnetic. Consequently in a low temperature region

(near the transition point) this salt is assumed to consist of
resultant ferromagnetic layers which are weakly coupled antiferro-
magnetically with each other. The ferromagnetic intéraction JF

in a layer isrmuch stronger than the antiferromagnetic interaction

3).4)

The spin alignment in the ordered state is shown in Fig. III-2.

1 . . . —
J,p between adjacent layers (JAF/Jleo

5)

The easy axis is a-axis. The static susceptibility along this

axis exhibits a divergent peak at T, (3.186 K), reflecting the

N

ferromagnetic intralyer interaction and the weak (v6 Oe) anti-~

19
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Figv III-l-

0,

The crystal structure of Mn(CH3C00)2-4H

2
projected on the a-b plane which is the layer

of the cleavage.



Fig. III-2. Spin alignment of'Mn(CH3COO)2°4H O obtained by

2
the neutron diffraction.3)
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ferromagnetic interlayer interaction. The second easy'axis is
¢' axis which is perpendicular to a and b axis, and b is the hard

axis. Xgr exhibits a less pronounced peak at T but Xp is almost

N’
flat near TN' The anisotropy fields are estimated as Hﬁ;&l350 Oe
and Hﬁ&SSOO Oe.s) AThere:has been no explanation where this large
anisotropy comes'from in Mn2+ ions. This salt is approximated

to 2-d planar ferromagnetié model and might be suited for the

experiment mentioned in chapter I among others.

§IITI~2. Static susceptibility

The static susceptibility was measured in a wide temperature
range from 1.2 K to 80 K in order to re—-examine the character of
this salt mentioned in §III-1l. Figure III-3 shows inverse suscep-
tibility of the powdered specimen. In a high temperaturé region
X obeys the Curie-Weiss law, giving the Curie constant C=5.0 (emu
deg./mol.) and the Curie Weiss constant 0=-48 K, which indicates
a fairly strong antiferromagnetic interaction. This is consistent
with the formation of the antiferromagnetically coupled trimer groups.
Below 30 K the curvature of x;l begins to bend downwards as if © ’
being positive. This is due to the ferromagnetic interaction among

the trimer groups within a layer. The similar behavior of x;l—T

is also observed in some manganese a1kanoates.7’ 8)
In order to study the mechanism of the dynamic behavior, we

examine the temperature dependence of the Onsager's kinetic

coefficient L which would give some information about the torque

mechanism. We measured the static susceptibility along the easy

axis near TN in detail. It is plotted in Fig. III-4., Figure III-5
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is a log-log plot of the susceptibility above and below Ty’

corrected for the demagnetization effect. The sample was shaped
ellipsoidal; the longer axis is 10.4 mm and the shorter 1.0 mm.
Measurement was done at 1 kHz Which can be regarded as static,
because there is no appreciable frequency depehdence between

100 Hz and 100 kHz even near TN' Measuring field was kept below
1.5 Oe. From the slope in Fig. III-5 the critical exponent in
the paramagnetic region is obtained as Y=1.53£0.03 for 0.06<e<l
(€=T/TN—1). It should be noted that the antiferromagnetic inter-
layer interaction becomes important for £<0.06, which prevents

the susceptibility from diverging. Below TN the exponent y'=

1.53+#0.03 for 0.01<e<0.1l. The ratio of the amplitude above Ty

to that below TN for the same £ is about 11. Renard et al. gave

almost the same value of y as ours in their static susceptibility

92)

measurement. The value of 1.53 is very suggestive of the two

dimensional XY model for which Betts gave y=1.5 for S=1/2vby the
10)

high temperature expansion.
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§III-3. Dynamic susceptibility

Based on a simple model,ll)

a relaxation process is described
by an exponential decay and the frequency dependént susceptibility
is given by the following formula. |
X0~Xg, '
X' (W) - Xy =, (3-1)
. 1+ (wT)
where X, and ¥ stand for the static and the high frequency limit
susceptibility, and 1 is the relaxation time. Now we introduce
the temperature dependence of xo and T, which corresponds to the
critical slowing down. If the exponent of T is larger than a
half of the exponent of X, and X is neglected, then
lim x' (w) = O. (3=-2)
T+Tc
There must be a dip in ¥'(w) just at T,. Even if the relaxation
is not described exactly by (3-1), a small dip will appear éo
long as the temperature dependence of ¥o¢ and 1 fulfills the con-
dition mentioned ébove, which will be discussed later in §III-4.
A dip in ' (w) just at TC is a qualitative evidence of the critical
slowing down. This phenomenon has been found in the high frequen-
cy dielectric constant in some ferroelectrics, such as
Cazsr(czHSCOO)G.lz) But there has been no report on this phenomenon
in any magnetic system up to now.
Figure III-6 and III—7 show the frequency dependent suscepti-
bility near the critical point for Variéus frequencies. For lower

frequencies (<10 MHz) ¥' (w) is almost the same as the static one

except a slight deviation near Ty+ As frequéncy increases, the
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peak height of X' (w) near Ty begins to decrease and the maximum
of ¥'(w)~T shifts to higher temperature, At 180 MHz a small dip

is observed just at T Increasing the frequency up to 210 MHz,

N
350 MHz and 450’MHz, this dip becomes deeper and the distance
Abetween the two peaks on‘boﬁh sides of TN becomes larger. At
350 MHz the maximum above TN shifts by about 500meAtonhigher
temperature. This dip is $ clear evidence of the critical slowing
down as mentioned above. This is the first experiment on this
phenomenon in the magnetic system. .x"(w) ié plotted in Fig. III-8.
In oxrder to examine the dispersion extensively, the Cole=
Cole plot in the paramagnetic region is shown in Fig. III-9.
Experimental points fall on a semi-circle, suggesting a simple
Debye-type relaxation. The relaxation time can be obtained from

(3-1). As the temperature approaches T_ in the temperature

N
region below 3.25 K, the Cole-Cole semi-circle becomes a little
flatter, suggesting a polydispersive relaxation process. To
examine the width of a distribution of the relaxation time and
to get the relaxation time in the polydispersive system, we used
the empirical formula of the Cole-Cole arc introduced in analyz—

ing the ferroelectric relaxation. The formulalB) is

Xo~X,

x*lo)=xg = ———p -
l+(imT)B (3v3)

where y* (w) is the frequency dependent complex susceptibility,
and B is a parameter which indicates the width of the distribution
of the relaxation time. If B=1, the relaxation is reduced to

the familiar Debye-type dispersion. When B<l, the dispersion is
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not monodispersive but polydispersive; the smaller B is, the
wider the distribution of the relaxation time is. It should be
kept in mind that the formula (3-3) is only a phenomenological
one and that there is no reason that it holds for the critical
magnetic relaxation. Bu£ it will help to uﬁdérstand the behavior

phenomenologically. T can.be easily derived from (3-3) as

| 1-8
f -
w 1/8

= s E sces R (3-4)

where fw is x" (0w)/wx'(w). X, is neglected here. If B=1, fw is
independent of w and is just the relaxation time. If B<1, fw
depends on w. The relaxation time should be obtained by the
relation (3—-4). It is necessary to determine B in order to get the
relaxation time. B is so determined that T in (3-4) is independent
of w, putting the experimental y'{w) and x" (w) into fw for various
frequencies. In Fig. III-10 is shown an example of T (w,B8), the
relation of (3-4) as a function of B for T=3.193 K. The relaxation
time and B are obtained simultaneously from (3—4). In Fig. III-11
is given the temperature dependence of B obtained by this procedure.

As T approaches T B decreases down to 0.9. Figure III-12 gives

NI

the relaxation time in the log-log scale. The critical slowing

down is manifested, giving the exponent A=1.30%0.03 for 3x10 2<e<1

(almost the same range of € as the static susceptibility). Thié‘
exponent is smaller than that of the static susceptibility. This
indicates that the Onsager's kinetic coefficient L has a definite
temperature dependence, though it is rather weak compared with

Xo and T. L behaves as if it weakly diverges in this ¢ region as
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the temperature approaches T The temperature dependence of L

Nl
is shown in Fig. III-13 in the paramagnetic region.

§ITII-4. Discussion
We shall confine ourselves here to the dynamic character

of Mn(CH3C00)2°4H20. As mentioned in the previous section, the

critical slowing down is observed as a dip in ¥'(w). But ' (w)

for high frequency does not drop to zero value at the critical

3)

point. According to Yoshimitsu and Matsubaral who have discussed

the formula (3-3), there must appear a dip at Tc in x'(w) so
long as B is larger than 0.5. But ¥'(w) does not wvanish at Tc
unless B is equal to 1. 1In Mn(CH3COO)2-4H20 B actually gets to

about 0.9 at TN‘ It is reasonable from the formula of (3-3) that

¥' {w) in Mnecacetate does not vanish at T After the formula

N*
of (3-3), the change of B from 1 to 0.9 is understood as the

change of the relaxation from the monodispersive to the poly-
dispersive relaxation.

Owing to the final three dimensional antiferromagnetic
ordering, both the static susceptibility and the relaxation time
are prevented from diverging, but they are still increaéing as
the temperature approaches TN’ since the interlayer antiferro-
magnetic interaction is very weak (see Fig. III-5 and Fig. III-12).
This roundening effect will also ﬁake the dip obscure. Whether

a dip at T.. appears or not depends which of ¥, and T exceeds near

N

T even though there is a roundening effect in both Y, and f.

NI
The critical exponents of Xy and T are obtained as y=1.53 and

2

A=1.30 except for the immediate vicinity of T_ (6x10 “<g<l).

N
y=A=0.23 is the temperature dependence of the Onsager's kinetic
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coefficient L. I behaves as if it diverges weakly in this €

region as the temperature approaches T The weak but definite

N'
temperature dependence of L indicates that there develops a cor-—

relation of the random torque which acts on the uniform mode as

14)

Hatta studied

T approaches T the dielectric relaxation in

Nu

NaNO., and found that the exponent of the static dielectric constant

2
is smaller than that of the relaxation time in contrast with the
present work. In the dynamics of the Heisenberg spin system, the
effect of xy components may play an impdréant role to correlate
the random torque. This effect will be reflected in the tempera-
ture dependence of L.

A change over from the monodispersive to the polydispersive
near TN is found by fitting the experimental data to‘the formula
(3-3), though it is very slight (S¢0.9). After the phenomeno-

5)

logical theory,l the time dependent motion of the uniform mode

M is given by the next equation.

dM-——- — 3.-. V v -
T a—E—— AM-nM~™+ . (3-5)
The coefficient of the first order of M corresponds to Yo

which vanishes at Tc. The theory says that the dispersion is
monodispersive if the linear term is dominant and it becomes
polydispersive if the second term becomes effective. But we
cannot step into more microscopic detail by the phenomenological
treatment. The discussion on the phenomenological formula of
(3-3) and on the non-linear eguation of (3-5) is done in chapter

IV and in the appendix.
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IV. Critical slowing down in (CH3NH3)2CuClA

§IV-1. Introduction

In the previous chapter, we have diécussed the exéerimental
data obtained from the dispersion and.absorption technique in
a quasi two dimehsional ferrimagnet Mn-acetate. The dip in yx' (w)

just at T was observed for the first time in the magnetic system

1, 2)

N
for the frequency higher than 180 MHz. The exponent of

the critical slowing down was A=1.30%0.03. TheIOnsager's kinetic
coefficient L was revealed to increase as TN was approached,
though the temperature dependence was very weak. Another impor-
tant result was a definite deviation of the Cole-Cole plot from
the semi-circle to the Cole-Cole arc near Tc; B was about 0.9,
in the notation of thevformula_of,Yoshimitsu and Matsubara (YM).3)
As Mn-*acetate, however, ﬁltimately sets into the three dimensional
antiferromagnetic ordering, the uniform susceptibility does not

diverge to infinity at T due to the weak interlayer antiferro-

N’
magnetic interaction. There appears, indeed, a roundening in the
log-log plot of ¥y vs. € for €<0.06 and the relaxation time has
a likewise roundening for the same epsilon. This roundening will
smear the critical behavior of the uniform magnetization.

The dip for x'(w) at Ty did not actually fall to zero even
in the highest frequency measured, which seemed to imply that
there remained fairly high frequency relaxation modes. This
might be partly ascribed to the roundening effect aﬁd partly to

the essential feature of the critical slowing down. . In order

to make sure that those dynamical properties are essential and
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general in the dynamics of the quasi two dimensional ferro-
magnet and not peculiar to Mnr*acetate, we will try to perform
the same experiment on other samples, especially on a purely
ferromagnetic material.

Does the dip appear in x'(w) at T and does it reach to
the bottom at T, in the system whose Y, diverges with a definite
critical exponent? Does the decay function also deviate from
the Debye type exponential in the immediate vicinity of Tc in
the same way as Mn-acetate?

(CH3NH3)2CuCl4 is a n=1 compound of a series (CnH CuX

an+1VH3) pCUX
(n=1,2,+++10; X=Cl, Br) which was studied by de Jongh and Miedema.4)
The compounds are well approximated to the two dimensional Heisen-
berg ferromagnet with the weak XY anisotropy. A weak interlayer
interaction is ferromagnetic or antiferromagnetic depending on

the value of n. In the present case (n=1), the interlayer coupl-
ing is ferromagnetic. The compound sets into the three dimensional
ferromagnetic ordering at 8.90 K. The critical exponent of the
static susceptibility was 1.75 for 0.05<e<0.2 and 1.25 for 0.003

<e<0.05, which was reported as a crossover phenomenon from two

dimensional Ising system to three dimensional Ising system for

5)

interaction was estimated to be HE=SBOXlO3 Oe, the interlayer

the first time by de Jongh and Stanley. The intralayer exchange

interaction Hé=60 Oe, the anisotropies within and perpendicular

to the ferromagnetic layer have been obtained as H;n=72 Oe and

6)

Hout=l720'0e, respectively.

A Ferromagnetic spin alignment within

a layer is similar as the case of Mn-acetate as is depicted in

Fig. IV-1l. The experiment on this compound will give the answer

42



to the problems which were observed in Mn-*acetate and remained to

be checked in a pure ferromagnet.
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§IV-2. Static susceptibility
The static susceptibility along the easy axis was obtained
by the measurement at 50 Hz which can be regarded;as a static
measurement in this case, because there is no appreciable
frequency dependencebof the susceptibility between 50 Hz and
50 kHz in the pafamagnetic region. In the drdered-state there
exists a low freguency relaxation which might be a domain wall
motion or something else often observed in ferromagnetic materials.
Figure IV-2 presents the static susceptibility thus obtained.
Below T, the susceptibility is constant of which value is consist¥
en£ with the demagnetization factor N which is calculated for
the ellipsoidal shape of the sample. So we took the experimental
value as the demagnetization factor for all samples including
not well shaped ones. Transition point Tc_Was determined from
the point of intersection of N—l line and the extrapolated line
of the experimental data in the paramagnetic region. It is 8.89
$0.01 K. The detailed measurement of £he static susceptibility
near T is indispensable to obtain the température dependence
of the Onsager's kinetic coefficient.L and to make sure the
purity of the samples. In Fig. IV-3 is shown Xo Vvs. € in the log-log
scale. Yo 1is corrected for the demaénetization effect. The
critical exponent Yy is found to be 1.73 # 0.03 for 0.05<e<0.3
and 1.20 + 0.03 for 0.004<e<0.05. This is consistent with the
data by de Jongh et al.8) |
The straight line in the log-log plot of ¥y vs. £ is extended
to smaller e region (v0.004) than the case of Mneacetate. This

result is very important. In the case of Mn-+acetate 8 which

45
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is the measure of the deviation from the Cole-Cole seﬁi—circle
to the Cole-Cole arc beginé to get smaller from 1vfor € where

Xo begins to deviate from the stfaightvline in the log—log plot
of Xe VS. €. So 1t was not concluded whether this deV1atlon

from the Debye type relaxatlon is surely an intrinsic feature of
the critical behavior in tﬁe immediate vicinity of T,. 1In the
present case of (CH3NH3)2CuCl4, it is sure the deviation, if any,
has nothing to do with the:roundening of ¥y, as the straight

line of X, vs. € is extended enough.
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§IV-3. Dynamic susceptibility

The freguency dependent susceptibility along the easy axis
from 1.2 MHz to 62 MHz is displayed in Fig. IV-4. The demagnet-~
ization correction was made.using the relation (4) in chapter II.
There appears a dip just at T, for the frequencj higher than 9.8
MHz. This is again a clear evidence of the critical slowing
down for the uniform mode in the purely ferromagnetic substance.
The dip seems to be deeperhthan that of Mnracetate. The dip does
not reach to zero value, which indicates ghat there remain
fairly high frequency relaxatioh moééé even at TC in spite of
the full divergence of the static susceptibility up to N_l.

Figure IV-5 is the Cole-Cole plot of ¥x'(w) and x" (w) for
various temperatures in the paramagnetic region. The température
is given by the reduced temperature €. The experimental points
fall on a semi-circle for e larger than 0.01, to indicate a
well-known Debye type single relaxation. As the temperature
approaches Tc more closely, there occurs a small but definite
deviation from the semi-circle to the Cole-Cole arc. In this
temperature region there does not occur a roundening in the static
susceptibility in the log-log plot as is clearly seen from Fig.
IV-3. So this deviation can be assumed not to be attributed to
the impurity effect or something else. The similar deviation
found in the case of Mﬁ'acetate will be also considered to be a
same intrinsic phenomenon in the dynamics near the transition
point, apart from the roundening due to the antiferromagnetic
interlayer coupling. The black points below the abscissa

( ¥'{w)~axis ) in Fig. IV-5 are centers of the Cole-Cole arcs.
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‘The deviation from the semi-circle to the Cole—-Cole arc is measured
by the angle o between the abscissa and the straight line which passes
through the origin and the center of the Cole-Colé arc for each

‘€. As the témperature approaches Tc,:the angle gets larger.

Using the notatioﬁ;:B, iﬁ'thé formula of YM, the angle a is

equal to %(1—8). For ¢ larger than 0.01, B is approximated

to 1. As € becomes‘smalléf, B starts to get smaller from 1 and
reaches to about 0.9 near Tc;['Figure IV-6 presents B vs. AT plot

in the paramagnetic region. The relaxation time can be obtained
from the frequency‘which gives the maximum of X" (w) for each
temperature so long as the relaxation is of the Debye-type. 1In
this case, X" (w)/wyx'(w) is independent of w and is equal to the
relaxation time 1. In the case of the depressed semi-circle of

the Cole-Cole plot, the relaxation time was calculated as was
performed in the case of Mn-acetate in chapter‘III from the

formula of YM, provided that the experimental data could be
répresented by this formula.

The formula of ¥YM is given as

X0~ X

X* (W) -x = ; (4-1)

l+(iw1’°)8

where X, Stands for the high frequency limit susceptibility and
it will be neglected hereafter. T, is a function of T and exhibiﬁs

the critical slowing down. This formula is re-written as

G ,
: s=1, S10)_gq (4-2)
1+ (iwtg) 1+inT *

G(t) is the distribution function of T and can be obtained asg)
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G(1) = sinfr . (4-3)

HT{(T/TO)B+(T/T0)— +2C058ﬁ}_

If B8 is 1, G(t) is given as the &-function, which indiqatesr
the single relaxation process (Debye type).- If B<1, G(1) dis-
tributes around fo és is seen in Fig. IV-7. The relaxation time

‘in this case should be defined as

T = 1G(T)dr
1]

=Tof (B)
sinBmw

=T Bsin(-7/B) (0.5<B<1) . (4-4)
£(B) is given in Fig. IV-8. As is easily seen froﬁ Fig. IVv-8,
f(B) is almost equal to 1 so long as B8 is larger than 0.8. So
the relaxation time T in the case of the polydispersive relaxation
is well approximated by T¢ in (4-1). Therefore for €<0.01, the
relaxation time T (=1¢) can be calculated by fitting the experi-
mental data to the formula of MY. The relaxation time obtained
by this procedure is plotted‘in the log-log scale in Fig. IV-9.
The critical slowing down manifested itself in this fiqure.
The experimental points fall on the straight line for & between
0.003 and 0.1, giving the critical exponent A=1.05:0.05 for this
€ region in the paramagnetic state. This value differs from |
that of Mn-acétate. The exponent vy of the static susceptibility
has two values; 1.73 for 0.05<eéq.3 and 1.2 for 0.004<e<0.05.
On the other hand, the exponent of the relaxation time A haé one
value in the whole range of this € region. In other words, there

does not occur a crossover phenomenon in the dynamics.
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The value of A=1.05 is much smaller than y=1.73 of the exponent
of the static susceptibility. This indicates that the Onsager's
kinetic coefficient I. increases as the temperature approaches TC.
The difference of the two exponents, y'and A, is the exponent
of L; 1.73-1.05=0.68 for 0.05<e<0.3 and 1.20-1.05=0.15 for 0.003<e<0.05
(Fié; IV—lO).: L.diverges more strongly in this case than the
case of Mn-écetate. Hatta'studied the dielectric relaxationlo)
in NaNO2 which can be appfoximated to the Ising model and found
that the'exponent of the static dielectric constant is smaller
than that of the relaxation time. This means that L decreases
as the transition point is approached. The importance of the
Xy components for the temperature dependence of L in the spin
system will be noticed by this comparison.

In the static sense (CH3NH3)2CuC14 is included to the two
dimensional Ising model for 0.05<e<0.3 as the exponent of the
static susceptibility for this temperature region is 1.75.

11)

According to the two dimensional kinetic Ising model, A is

equal to 2 which is about twice of the present experimental

2) predicts that A for the three dimen-

data. Dynamic scaling lawl
sional Heisenberg ferromagnet is 1.33 which does not agree with
the present result, but is closer than the value of the two
dimensional kinetic Ising model. So long as the exponent of

the dynamic quantity is concefned, this compound could not be
approximated to the two dimensional Ising system. Isotropic

character or the xy components of the interaction will play

an important role in the dynamics.
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§Iv-4. Analysis and discussion of the polydispersive relaxation
In both cases of Mn(CH3COO)2°4H2O and (CHBNH3)2CuCl4,

there is a small but definite deviation from the Cole-Cole
semi-circle to the Cole-Cole arc near.Tc. This sméll de&iation
can be interpretedjas‘thé deviation of the relaxation from the
Debye~type*expoﬁénﬁial decay. The symmefrically depressed
semi-circle is givéh by thé formula of ¥YM. The fact that the
experimental results are well approximated by this formula
implys there must exist some reasons or some physical meanings
in this formula. Now, let's consider what physical meaning this
formula has.

The relaxation function WB(t) which gives x* (w) of (4-1) is

obtained as follows.

«©

WB(t) = f eft/TG(T)dT

_ f e—t/T ’ sinBw
0 : B -8
| mt{(t/To) +(t/To) "~+2cosBw}

dt. (4-5)

The calculated value.of this integral by the computer is given
in Fig. IV-11l. |

It is the long time behavior that is important in the
dynamics near the phase transition point. So let us look at the
low frequency behavior in the following. As is seen from Fig.IV-11
the time variation of Ws(t) for t 1arger‘than To is slower than
that of the usual exponential type. This corresponds to’a long
tail of G(t) for T>>ty (see Fig. IV-7). This tendency becomes
stronger as B becomes smaller. It is also reflected in the

Cole-Cole plot. Right half of the depressed semi-circle correS~
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ponds to this slower variation of ¥, (t) for large t.

B

The asym?totic behavior of WB(t) is

¥ (£) . for to  ( B<l ). (4.¢)

| £*
If the angle between the abscissa and the tangent at w=0 is

_ . . ' . . . -20/m
o, the asymptotic behavior of the relaxation function is t a/ .

1/2

. _ *
If o=7/4, the long time tail of t will be realized. The

asymptotic behavior for large t of the experimental results at
~0.9

T is approximately t

c ’ prdvided that the formula of YM can

be applied for large t.

The power spectrum I(w)=x"(w)/m has an anomaly at w=0 if Bg<1l.
The divergence of I(w) at w=0 is confined within a narrow area
near w=0 so long as 8 is very close to 1. As B becomes smaller
from 1, the :egion where I(w) increases divergently becomes widerx
around w=0. The divergence of I(w) at w=0 is attributed to'an
extremely slow decay of YB(t) for t>>1,, or in other words, to
a long tail of G(t) for T>>1y,.

Thus, the power spectrum neaf'm=0, the relaxation function
for t>>1y and the Cole—-Cole figure near w=0 represent the same
phenomena of the long time. Considering the characteristic
frequency measured near the transition point, the Cole-Cole
analysis is the best method in the present case.

In the formula of Yﬁ, Tg¢ is the characteristic time and

* Note that (4-6) cannot be applied in the Case_of B=1l. G(T)

is not continuously reduced i to the §-function.
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exhibits the critical slowing down. The experimental results
tell that as the transition point is approached the relaxation
time T, diverges accompanying a deviation from the Debye type
felaxation. Near Tc where the relaxation time gets slow downr
énfficiently, the decay becoﬁes slower than. the exponential for
large t. G(t) is no longer the S-function. There is a finite
probability of arbitrary relaxation time t. This can be called
polydispersive in this sense phenomenologically. This poly-
dispersive relaxation does not indicate iﬁmediately that there
come out many microscopic relaxation mechanisms near the critical
point. It might be thought as follows. The polydispersive
nature might be connected with the various sizes of cluster which
is formed near the transition point due to the short range order-.
ing. The fast relaxation time would correspond to the small
cluster and the slow relaxation time to the large cluster.

Now let's examine the shortvtime behavior for t<Tyg. ?B(t),
in this case, decays faster than the exponential decay. This
faster decay corresponds tO‘G(T) near T1=0 (see Fig. IV-7). If
B<l, x' (w) of (4-1) does not vanish at Tc’ even if 1o diverges to
infinity. The experimental result that the dip of x' (w) did not
reach to zero for the highest frequency measured might be con-
sistent with this character, considering B=0.9 at Tc. The depres-
sion of the semi~circle in the left half ( for higher frequency )

implys this fast multi-relaxation times.
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V. Dynamics in a randomly diluted ferromagnetic system -
(CH3NH3)2Cu1_quXCl4‘
§V-1. Introduction

The ex erlmental results in Mn(CH COO) .*4H.0 and (CH NH )
P 2

2

CuCl, revealed a clear ev1dence of the non-Debye relaxation

4
near the transition point Wthh will imply the polydlsper51ve
relaxatlon. The non-llnear lnteractlons will introduce the
polydispersive relaxation. The non-linear interactions couple
gq=0 mode to the other g#0 modes. So the uniform mode may be
decomposed into various g modes with variousvfelaxation times,
resulting in the polydispersive relaxation. This tendency is
most dominant at Tc because the critical slowing down leads to
the enhancement of the non-linear couplings. But we have not
vet reached the clear understanding of this polydispersive
relaxation.

In this chapter we try to take the effect of randomness
into consideration positively. By the introducfion Qf the spa-
tially random substitution by the non-magnetic ions, there
could be an enhancement of the polydispersive relaxation near
T, in the relaxation of the uniform mode.

According to the recent theoretical work on the dyﬁamics of

the spin glass,l)

the relaxation of the uniform mode in the spin
glass is single dispersive at high temperature, but it‘béCOmes
anomalously polydispersive near the transition point. It is

understood as follows. At high temperature the relaxation of

a spin at a given site is equal for each site because the corre-
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lation among the spins is of microscoﬁic—scale and it hqs only
a weak effect on the spin dynamics. On the other hand near Tc’
the relaxation of a given spin must be determined by the corre-
lation of its local environment. If the local eﬁvironment varies
from site to site, it is reasonable that the relaxation becomes
polydispersive. 'The similar picture might be speculated in the
random diluted ferromagnet; The random distribution of the
non-magnetic ions might bring the distribution of the inter-
action.

So we performed the experiment of the dynamics of the
random diluted ferromagnet (CH3NH3)2Cu1_XCdXCl4. The main inter-
est is in the randomness effect on the Cole-Cole plot. How the
Cole-Cole plots are deformed from the semi-circle at Tc’ especially
near w=0? This experiment will give an instructive image of
the polydispersive relaxation found in the preceding chapters

(IIT, IV) in the purely regular system at T.-
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§V-2, Experimental results
Samples prepared for this experiment were (CHBNHB)Zcul—xCdxCl4
where x=0.08 and 0.11,which were prepared from the stoichiometric

5 and CdClz.‘ It is known that (CH3NH3)2

CdCl4 is the isomorph of (CHBNH3)ZCuC14. The atomic percentage

of Cd was determined by the chemical analysis. As the divergence

nixture of CH3NH3Cl, CuCl

of the susceptibility turns out to be a broad maximum in these
diluted ferromagnets, it is difficult to determine the transition
temperatﬁre TC accurately. We took as Tc the temperature at which
the static susceptibility took its maximumT In Fig. V-1 is shown
Tc(x) vs. x. The experimental results seem to hold the next
relation near x=0.

3= T (x)/T_(0)] =1. (5-1)

d x "¢ c x=0
This is consistent with the theoretical result of the three
dimensional Ising model.z)‘

In Fig. V-2 is given the Cole-Cole plot of the dynamicél
susceptibility ¥'{(w) and x"({w) for the frequency from 1.2 MHz
to 173 MHz in the system of x=0.08. Temperature is given by
the reduced temperature €. As is seen from the figure; the
frequency which gives the maximum of x" (w) at each temperature

becomes lower gradually as TC is approached. For € laxgerx than

t As in the discussion below is not treated the divergent quantities
which are expressed by some power of €, the ambiguity of determi-
ning T, has little effect on the discussion of the experimental

results.
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0.05, the Cole-Cole figure is well approximated by the semi-circle
or the slightly depressed Cole-Cole arc., For & smaller thén

0.05, however, the figure is not approximatea by the stmetric
Cole-Cole arc unlike the case of the pure system. The outstanding
feature of the plot is the extremely depreésed form in the low
fréquency region. The tangent at w=0 is approximately w/4 which

corresponds to t*l/2

of the asymptotic behavior of the decay
function. t—l/2 dependenée Was prediéted<by Kinzel and Fischer
for the deéay of the uniform mode in the spin glass. The compari-
son of the experimental results with their theory will be made
in the next section. _

Figure V-3 is the Cole~Cole plot for the ordered state of
the same x sample. The Cole-Cole figure is also depressed one
as' that of the paramagnetic region near Tc. For € larger than
0.05, there appears a new hump in the low frequency region which
might be due to something like the domain wall motions. The
experimental data in the system of x=0.11 is shown in Fig. V-4
for the paramagnetic region. The overall character of the
Cole-Cole plot is the same as the one with x=0.08. The character-
istic frequency which gives the maximum of %" (w) for a same €
is higher_iﬁ this case than the case of x=0.08. For example,

for €=0.03 it is about 60 MHz in the case of x=0.08 whereas it is

about 80 MHz in the case of x=0.11.
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§V-3. Comparison with the theory of the spin glass

Kinzel and Fischerl) célculated the dynamic;uniform suscepti-
bility x* (w) of the spin glass. Their calculation is based on
the random distribution of the exchangé_interéction which is
tﬁe symmetric gaussian distribution. The médel isAfhe kinetic
Isihg model and fhé molecuiar field approximaﬁion.ﬁas used. The

dynanic susceptibility was derived as this.
_ 2 2. . . 2 2.1/2,
X* (w) = m('r/'rf) [1+iwT - { (1+iwT,) -(Tf/T)z}l/zj,’ (5-2)

where Tf is the freezing point of the spin glass and T, is the
elementary relaxation time. The Cole-Cole plot of this non-Debye
susceptibilityvis depicted in Fig. V-5. 1In the figure at Tf,rthe
tangent at w=0 has the angle w/4 against the abscissa. The
similarity with the exberimental results in the random diluted
ferromagnet is noteworthy.

Here we try to look into the polydispersive rélaxation of
the spin glass. It might be helpful to'understand the polydispersive
nature of the present experimental results becauserthe Cole-Cole
plot is very resembling in both cases. The susceptibility of (5;2)7

can be expressed as

L) gq  (5-3)

Cx*l) = fo 1+iwT ’

where G(1) is the distribution function of the polydispersive
relaxation. By putting (5-2) into the left hand side of (5-3),
3)

G(t) can be obtained as™’
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Glr) = 2etr/r )22 1o/~ (ro/1 22t (/T2 L (5

G(t) is drawn for various a's (=Tf/T) in Fig. v-6. As the
transition point Te is approached, the breadth of the’disfribuF
tion becomes broader and the tail of G(r) for large T extends
to infinity at Tg- This long tail of.G(T) éortesponds to the
slow decay of t—l/z. “

In the spin glass the polydispersive character comes from
the distribution of the exchange intéraction as mentioned in the
introduction. Though the distribution of the exchange inter-
action is independent of the temperature; the distribution of
the relaxation time crucially depends on the temperature owing
to the critical slowing down of the mode with respect‘to the
configuration which is realized in the spin glass state. So the
breadth of therdistribution diverges at Te-

The fact that the experimental results (Cole-Cole plot)
are very resembling to this theory indicates that the analogous
behavior of the distribution G(t) would be realized in this |

random diluted ferromagnet, though the microscopic detail might

be gquite different.
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VI. Relaxation time near TC under external field

§VI-1. Introduction
.In theAcasé-of an ideal isotropic HeiSenberg ferromagnet, the
uniform magnetization'MZTis‘a constant of motion, and there will
be no damping of'Mz. But ﬁhe Hamiltonian of the real system
always contains some anisofropy which comes from the dipole-dipole
interaction,‘ antisymméﬁric exchénge interaction, spin lattice
interaction and so on. In that case the uniform magnefization
is no longer a constant of motion andrthere is a decay rate
associated with those interactions. The relaxation measurement
in the present study is to inspect the uniform relaxation via
such interactions that do not conserve the total magnetization.
Let the relaxation function of MZ be (Mz(t),MZ(O)). As is

1)

shown by Mori and Kawasaki, when the decay rate of (ﬁz(t),M(O))
is much faster than the decay rate of (Mz(t),MZ(O)), then
(Mz(t),Mz(O)) can be approximated by (MZ(O),Mz(O))exp[—Tt]

where

1

F= YT = oy, o)) [, ta tey,m 0))ae . (6-1)

ﬁz(t) is given as

- _ .‘ "'l : A» . .
M (8) = (BR) "M (e),H_ T U 6-2)

Htot is the total Hamiltonian which consists of the isotropic and
the anisotropic interaction. The relaxation time of the uniform

magnetization can be factorized into two parts. The denominator
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of the above relation (6-1) is nothing but the uniform suscepti-
bility. Then the time integral of (ﬁz(t),ﬁ;(O)) is what is called
the Onsager's kinetic coefficient L for the uniférm modé. If
there existé no‘correlation betwéen ﬁztt) and ﬁz(O), thét is»tof
say, if ﬁz(t) can be looked upon as a white noise écting on M, (t),
the integral givés fhe temperature independent éonstant L and
the relation is reduced toithat of the conventional theory}z)
If there comes in the correlation of ﬁz(t) as T, is approached,
the temperature dependence of T is determined by a competing process
between Xg, the denominator of (6-1), and L, the numerator of (6-1).
If the divergence of X¢ is stronger than that of L, the critical
slowing down will be realized, though it will be weaker than the
case of the conventional theory. If the divergence of L is strong-
er than that of Yo, the critical slowing down will be replaced by
the critical speeding up.

The critical speeding up is in fact reported in some anti—
ferromagnets such as CuC12~2H20 and LiCuC13~2H20 by the relaxa-

3) 4)

tion measurement and MnF., by ESR line width measurement.

2
The phenomena are interpreted as the divergence of L, since the
uniform susceptibility does not show any singular behavior.

5)

Divergence of L is understood as follows. The'anisotropy couples
the fluctuétion df the uniform mode to the fluctuations with non

zero q by the relation (6-2). Near T the‘f1u¢tuations near KO’

N
which is the wave vector characterizing the antiferromagnetic
ordering, becomes enormously large. So the coupling between g=0

and g#0 via the anisotropy is dominated by the coupling between

g=0 and q=K0, resulting into an anomalous increase of L as is seen
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from (6-1) and (6-2).

On the other hand in the‘ferromagnetic case, Xo, the denomi-
nator of (6-1) exhibits a strong divergence at T.- The contri-
bution to the numerator of (6-1) comes from the coupling betWeen
g=0 mode and g#0 modes néar g=0 via the aniéotropy. As the-q#O
fluctuations neaf g=0 becomes large in the ferromagnetic case,

the numerator of (6-1) also can exhibit anomalous increase. So

the temperature dependence of T — which of the critical slowing

down and the critical speeding up is realized is very delicate.

In the experiment of ESR line width on a ferromagnet cdCr,Se,

6)

Koetzler et al. have found the similar line broadening with

that of antiferromagnets and attributed it as an indication of the
critical speeding up. In the ESR experiment the line brdadéning
measures the decay of the uniform mode perpendicular to the exter-

7)

nal field. As is pointed out by Tomita,”® both the transyerse
and the longitudinal magnétization may exert torque on the trans-
verse component. There exists a definite damping in the trans-
verse magnetization which will lead to the increase of the numer-
ator of (6-1). Moreover, the external field inherent to the
magnetic résonance will depress the static susceptibility, the
denominator of (6-1). This will help to speed up the relaxation.
time.

HoweVer; in our éépefiﬁent'on thé'non;résonént réléﬁétioh
of the longitudinal magnetization Mz uhder zero external field
on a ferromagnetic crystal (CH3NH3)2CuCl4 (chapter 1IV), not the

critical speeding up but the critical slowing down was observed.

It is interesting to study by the non-resonant experiment
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how the external field as a weak perturbation modulates the re-

laxation of the longitudinal magnetization MZ and to compare it

with the result of ESR. As the externai field perpendicular to

the easy axis gives the additional relaxation mechanism bf Mz as
mentioned above, the field H; will give a drastic effect on the

relaxation of M, in the non-resonant relaxation measurement.

The result of the relaxation under H; will be compared with the

case of Hy, which does not give the additiqnal relaxation mechanism.
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§VI-2. Experimental results |

In order to study thé fluctuation along thevéésy axis under
the externalkfields_of various directioné,_the high frequency
susceptibility meaSu:ement-was carrieQ'out always along the
easy axis. | | | 7 ‘

The high fféqﬁency'éusceptibilify of Mn(CH3C00)2f4H20, xé(m),
at 28VMHz pnder théAekternél field H,, is given in Fig. VI-1.
The field was applied along c' axis which is‘the second easy axis.
In high temperature“regibﬁ1(T>3.45 K), the high frequency suscepti-

bility gradually decreasés as Hc| increases. When T is approached

N
(T<3.45 K), there appears a hump in xé(w)4HC.. The susceptibility
at first increases and then decreases as the applied external field
is increased. The hump in x;(m)—Hé, becomes larger and shifts to
higher field as Ty is approached. Figure VI-2 gives the schematic
view of this phenomenon. The dotted line in the figure is the
static susceptibility X4 under zero external field. The dip in

x;(m)~HC, at Hc,=0 near T, is the result of the critical slowing

N
down under zero external field. For a finite Hc" the relaxation
time makes a quiék recovery to the ﬁast relaxation time, whereas -
Xa gradually decréasesvas is shown in Fig. VI-5, So there appears
a hump in x;(m)—Hc,. The relaxation time vs.Hc;_is plotted in
Fig. VI-3 for several temperatures near TN.:’The Quick-Speeding
up is manifested fof H, less than 500 Oe.

As there is no anomaly in X;(m) for'Hc. at which thHe hump
of xé(w) appears, the possibiiity of the magnetic resonance‘was:

excluded. The relaxation time was obtained from xé(m) and X;(w)

for 28 MHz, provided that the relaxation is single dispersive.
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. VI-1, Real part of the complex susceptibility at 28 MHz of

Mn(CH3COO)2°4H20 under the external field which is

applied along the second easy axis, c' axis.
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Fig, VI-2. Schematic view of X} (@) =T=H_, of Mn(CH,C00)"4H

0., The

2
dotted line denotes the static susceptibility under zero

external field, The field is applied along ¢' axis,

which is the second easy axis.
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Fig. VI-3. The relaxation time of Mn(CH3COO)2-4H20 under the external

field which is applied along c¢' axis.
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This assumption was Jjustified only for Hc'=0’ except for near TN.
But so long as the qualitative character of T VSﬁHc' is copcerned,
this assumption will be permitted. |

. The temperature dependénce of the.relaxaﬁion time ﬁhder thé ’
ektérnal field Hc, is displayed ih‘Fig. VI-4. When Hc; is appiiéd,
the critical sloﬁing down is crucially supressed. A£ Hc'=650 Oe,
the relaxation time is almést-constant’for €<0.03 and the constant
value is 107> times as small as that of the case of H_,=0 at Ty.
But the critical speeding up was not observed.

The field dependence of the Onsager's kinetic coefficient L
was obtained from the relation L(HC,)=xa(Hc,)/f(Hc,). As is shown
in Fig. VI-5, the Hc' dependence of X is' much weaker than that
of T, which indicates the strong Hc' dependence of L. L(Hc') is
plotted against Hi, in Fig. VI-6. For the field lower than 400 Oe,
the experimental data are well approximated by a straight line,
which means L(Hc,)«Hi, for small Hc" Figure VI-7 presents the
temperature,dependence of L under’Hc.. As mentionéd above, L
increasés as Hc‘ increases, but the temperature dependence is
almost the same for each H -

When the field is applied along the easy axis (a axis), the
external field will not have in principle any effect on the
relaxatioh mechanism. Figure VI-8 and VI-9 are the results of
xa.ahd T when H is applied along'theAsame directioh of ?he suscep-
tibility (a axis). The hump in x;(m) was not observed in this
case. X, and 1 drastically decrease for the field lower than the

case of Hc,. For example, 50 Oe is enough to depress them. The

decrease of X is more rapid than that of f in contrast with the
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Mn(CH3COO)2°4H20 under the external field which isl

applied alonag c¢' axis.
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Fig. VI-5. The static susceptibility along the easy axis (a axis)
of Mn(CH3C00)2'4H20 under the external field which is

applied along c' axis.
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Fig. VI-6. The Onsager's kinetic coefficient L of Mn (CH4C00) 5+ 4H,0

plotted against Hi,. The field Hoy is applied along ¢' axis. -
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The temperature dependence of the Onsager's kinetic

coefficient L of Mn(CH3COO)2-4H20 under various externai

fields which are applied along c¢' axis.
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Fig, VI-9, The relaxation time of Mn(CH3COO)2-4H20 under the external

field which is applied along the easy axis (a axis).



case of HC" That is to say, L decreases when Havis increased.
This phenomenon implies that the external field supresses no£

only the correlation_of the magnetization but also the correlation
of the torque. The decrease of Lvmight be attfibuted td the
décrease of Xqr though the relation is not 56 simple. The temper-—-
ature dependencé.of L is plotted in Fig. VI-10, for several values

of H . For Ha larger than 15 Oe, L decreases as T, is approached.

N
The experimental results on (CH3NH3)2CuC14 were similar with

those of Mn(CH3C00)2-4H20. Figure VI-11 is the temperaturé |

dependence of L for several Ha‘s which are applied along the same

direction of the susceptibility measurement. Unlike the case of

Mn-+acetate, the susceptibility is very feasible against the parallel

external field. Even the field 1 Oe brings a perceptible change

of Xa just at Tc. So the earth field could not be neglected there.

The result shown in Fig. VI-11 is qualitatively the same as the

case of Mnracetate. Figure VI-12 is the result of L when Hb is

applied along b axis which is the second easy axis. As the case

of Mn-+acetate, L increases suddenly under the increase of Hb from

zero. In this case the value of the field which brings the same

change of L is 10 times as large as the case of Ha' Note that

the value of L when the field is applied along b axis becomes two

or three tiﬁes as large as thé case of the parallel field. The

temperature dependence of L when the field is appliéd along the

second easy axis (b axis) is not the same as the case of Mn-acetate.

For Hb larger than 10 Oe, L increases at first, then decreases as

Tc is approached. The temperature which gives the maximum of L

shifts to higher temperature as H increases. Figure VI-13 presents
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Fig. VI-1l1l. L of (CH3NH3)2CuC14 plotted against AT for various
external fields which are applied along the same direction.

of the measurement of the susceptibility.
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Fig. VI-12. L of (CH NH3)2CuCl4 plotted against AT under external

3

fields which are applied along b-axis, the second easy axis.
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Fig. VI-13. L of (CH3NH3)2CuCl4 plotted against AT under external

fields which are applied along c-axis, the hard axis.

97



the result of L when Hc is applied along ¢ axis, the hard axis.
For the same value of the field, the value of I, in this case is
smaller than the case when Hb is applied along b axis.

In both cases of Mn(CH3COO)2~4H L

O and (CH3NH CuCl

2 3)2CuCLyy
increases most drastically when the field is applied along the

second easy axis.
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Appendix
Non-linearity and polydispersive relaxation
One phenomenological possibility of non-DebYe relaxation'

1)

is the non-linear effect, as was predicted by Nishikawa,  and

2) According to them, the relaxation equation

Suzuki and Kubo.
of the magnetization can be expressed as follows, using the Ising

model and the molecular field approximation.

,dM. )
T a—-

. 3
c dt = ;-AM—T’[M tess (A'fl)

where Tq is the microscopic charaéteristiq relaxation time. The
relaxation time for high temperature is given by Ter ' The elemen-—
tary relaxation mechanisms are included in T in this model; they
might be interactions with a heat bath. A and n are the molecular
field coefficients, and A corresponds to the static susceptibility.
As the transition point is approached, A gets smaller to introduce
the enhancement of the hon—linear term. If we take the non-linear
term into consideration, the normalized decay function is obtained
as follows.

Ve

¥(t)= — ’ (a~-2)
/(s+k)exp[2€t/wc]-k

where ¢ is (1-T /T), and k is the measure of the strength of the .
non~11near term and is equal to (1/3)M (T /T) (M0 is the~1n1t1al
value of M).

(A—-2) can be expanded as

/e
/(e+k)exp[2€t/rcj—k

¥ (L) =

(A-3)

> (2n-1)11! n —-(2n+l)et/t
.~ o0 [€+k] e c .

!
ne~18

n=0
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Thus, Y({t) is expressed as a superposition of e"(2n+l);t/Tc

a polydispersive relaxation. However, the asymptotic behavior

of Y{t) for t-o« is e—st/rc

. This comes from the fact that the
longést relaxation time is Tc/e. This character will be visually
found in the Cole-Cole plotvin.Eig. A;l. ‘This functidn does not
explain the low frequency phenomenon of the experimental fesults.

Just at Tc’ thefleadiﬁg term of the right hand side of the

equation (A-1) is M3 term.. In this case the relaxation function is

¥(r) = —%
vY1+2kt
=/, e ¥ gruyar . (A-4)
1 . -3/2 1
GlE) = — L (t/1) exp [~mrer—] . (A-5)
TCJEEF c 2k (t/T)

The asymptotic form for t-»« of this function is t-l/z. The
correqunding Cole~Cole plot and the distribution £unction G(f)
aré given in Fig. A-2 and A-3, t_l/2 dependence gives rise to
the angle 1/4 between the abscissa and the tangent at w=0. 'This
is much slower than the experimental case. The experimental

results will lie between (2-3) and (A-4).
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Fig. A-2. Cole-Cole plot corresponding to the decay function of

1 . . . .
¥{t)=————— which is obtained from the critical case
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of the non~linear equation.
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is obtained from the critical case of the non-linear equation

corresponding to the decay function of which
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