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ABSTRACT

The magnetic cooling and phase transition are studied
experimentally in the spin pair systems with thevsinglet ground
state, CeCl

.7H20 and Cu(NO .2.5H2O.

3 302
In Part I, the results of the successful adiabatic
demagnetization of CeCl3.7H20 with the initial condition,
Hi = 48 kOe and Ti = 1.2 K, are reported. The cooling curve is
obtained with the miniﬁum temperature of 68 mK around the. energy
level crossing field of 4.7 kOe. The susceptibility at the
crossing field is represented by %he Curie-Weiss law with the
ferromagnetic Curie-Weiss temperature of 68 wK in sufficiently
low temperature region. This is consistent with,fhe temperature
dependence of the zero field susceptibility. It is found that
the bottom of the cooling curve becomes flat around the crossing
field at the temperature below 72 mK. From this fact, it is
concluded thap the spin ordering occurs around the crossing field
at the tempefatures lower than the critical temperature of‘72 mK.
In Part II, the adiabatic magnetization experiment in
Cu(N03)2.2,5H20 is performed below 4K using abpulsed magnetic
field. The cooling of the spin system is assured by the ’
induced signal oM/ot, which is found to be proportional to the
adiabatic susceptibility (SM/BH)S under the adiabatic magnetization
process. The results in the present "transient" experiments are
consistent with those in the "static" case. The spin ordering
around the crossing field is confirmed with the appearance of
the double peaks of oM/t signal there. The theoretical
analyses of the double peaks, as well as their asymmetry, are

given in guantitative agreement with the experiments.
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GENERAL INTRODUCTICN

In order to reach lower and lower temperatures, various
kinds of methods have been proposed and actually tried. Above
all, adiabatic cooling methods are well known examples.

For such a method, a wquing substance is needed, whose entropy
depends both on the temperature and on an externally variable
parameter; Following the method of the adiabatic expansion of
gases, the adiabatic demagnetization of paramagnetic salts was
proposed by Debyel) and Giauquez) in 1926, and the first
experimental results were reported in 1933 from Leiden,3)

4) and Ciford.S)

Berkley The fact that the adiabatic demag-
netization of paramagﬁetic salt produces a cooling effect

follows from the next egquation

2 _ LM ' »
oH /g Cy9TH - ‘(l)

Since in ordinary paramagnet (aM/aT)H‘ is negative, a negative
dH entails a negative daT. |

Equation (l)”also says that if there exists a system in
which (EM/aT)H is positive then one.can produce cooling by -
adiabatic magnetization. Among such classes of systems,
antiferromagnet is the first example. Schelleng and Friedbergs)
have carried out adisbatic magnetizations on powdered MhBr2‘,
4H20, an antiferromagnet below 2.13 K. They obtained
AT = - 0;125 K by the adiabatic magnetization starting from
P. = 1,75 K up to the magnetic field of 10 kOe.

i
Kittel7) and WolfB) proposed that ions or molecules




having a singlet ground state of the order of 1 to.lO cm;l

below a magnetic first excited state may be used for adiabatic
magnetization cooling. The principle is simple. We consider,
for example, salts containing Ni2+ ions (spin S = 1), in which
an axiél crystalline field brings the Sz = 0 state beiow the
S, =*1 states (see Fig. 1). At temperatures such that kT« D,
the entropy of such a salt will tend to zero. If a magnetic
field is now appliéd isothermally'along the direction parallel
to the crystalline D axis, the entropy will increase because
the lower of the excited states approaches to the ground state.
Just at the crossing field, the entropy will be néarly R-ln}2.
For higher fields the entropy ageain decreases towards zero.
If, on the other hand, the field is applied adiabatically so
that the entropy remains constant, the temperature will fall
initially, reaching a minimum when the field is again such that
the two energy levels cross. Another example is a system of
coupled péirs of ions with S = %‘Which have a singlet ground
state. |

Such cooling has been observed experimentally in

2+ ions

Cu(N0,),.2.50,0 by Haseda et e1.9)  In this system, Cu
(S =4%) are coupled in pairs by nearly isotropic antiferro-
magnetic exchange interaction giving the excited state of
interest beiﬁg a spin triplet with the energy gap of A= 5.2 K
above the ground state S = O. In their experiment, they have
found an anomaly that the bottom of thebcooling curve becomes

flat when the initial temperature T, at H = O is reduced and

then becomes to give double minimum around the crossing field



05 9fH, 10 E

Fig. 1 (a) Variation of energy levels with magnetic field.

(b) Isentropic curves with ferromagnetic interaction.



when Ti is lower than about 0.7 K. _ This anomaly indicates that
some kind of spin ordering occurs around the point of the level
cfossing when the sample is cooled iower than a critical
temperature.

The magnetism of the systém having a singlet ground state

10)

has been discussed at zero field by Moriya. He considered

Nilt

ions, having spin S = 1, in an orthorhombic crystalline

field. He showed that, when the crystalline“field splitting between .

the lowest two spin levels is more than two times larger than

the exchange energy, there is no long range ordering at zero

field, at least within the framework of molecular field theory.
Stimulated by the success in adiabatic ccoling experiment

by Haseda et al., the spin ordering of the system having the

singlet ground state was theoretically investigated by Tsuneto

11) and Tachiki et al.l?)

and Muro, ‘ For this spin ordering of
the spin pair system, Tachiki et al. proposed the following
mechanism. The inter-pair exchange interaction has non-
vanishing matrix elements between the siglet and the triplet
state, in other words, the interaction causes a mixing between
them. If the isotropic inter-pair exchange is projected onto
the subspace, spanned by the singlet and the lowest component
of the triplet, the component of the exchange interaction
perpendicular to the field becomes larger than the component
parallel to the field. Furthermore, the effective magnetic
field in this subspace beéomes very small near the point of the
level crossing. As the result, we can expect aﬁ ordering of

the spin component perpendicular to the field in the vicinity

% See the footnote at the end of this introduction.

-3 -




of the point of the level crossing at sufficientlyrlow tempera-
tures. J

They applied this model to an explahation for Haseda et
al.'s experiment of Cooling by adiabatic magnetization of

Cu(NO -2.5H,0. Furthermore, they consider various types of

32
spin ordering for general cases of the inter-pair exchange
interaction. Therefore, much more varieties of spin ordering
in other samples are expected to be foundyekperimentally.
Especially, the ferromagnetic case would be véfy interesting
for the comparison with the antiferromagnetic case of
Cu(N03)2.2.5H20. But few experimental studies have been
reported up to now for lack of the materials favourable té the
use.

‘One of the serious difficulties to proceed the experi=x
ments have been pbinted out for the system having the singlet
ground state originating from crystalline field splitting.

The misalignment of the magnetic field from the principal axis

of the crystalline field will easilyiintroduce'serious
anti-crossing among two levels of interest. Therefore, it is
very important to have the crystalline_field axes of all magnetic
ions in a unit cell parallel to each other.

On the other hand, for a spin pair system whose intra-
pair exchange interaction has symmetriéal anisotropy, the
energy level crossing occurs, as far és the field direction is
chosen such that the two ions have the équal effective g-value,

even if the principal axes of the g-tensors of the two jons in

pairs are not parallel to each other. Further, when the two



ions have the same g-tensor, the energy level crossing occurs
independently of the field direction.

09613.7H2O is one of the rare examples known as an
exchange-pair system like as Cu(NO3)2.2.5H20. © Several
experimental studies by Weber et a1.13) suggested thaf Ce3+
ions in this salt are coupled in pairs by isotropic antiferro-
mégnetic exchange interaction such that the energy levels
consist of a snglef ground state and an excited triplet
separated by 1.16 K. For the purpose to obtain low temperature,
it is necessary that each pair should be magnetically dilute in
the crystal. From the AC susceptibility measurement,l3) the
inter-pair interaction of CeC13.7H20 is expected to be very
small. |

We start the investigation of this salt, expecting to get
another example of the appearance of the ordered state under
the external magnetic field, hopefully of ferromagnetic one.
The results are described in Part I in this article.

The difficulties for the experiments depend alsc on the
experimental conditions. ~ Usually magnetic cooling is performed
by means of a static magnetic field. The level separation
should be limited by the available static magnetic field.
However, for the adiabatic magnetization cooling, we may use a
pulsed magnetic field. The method is attractive from several
points of view. First, it will be possible to investigate
such substances having excited states of much higher than usual
static magnetic field. Furthermore, from the experimental

point of view, the metnod has the advantage to be free from the




external heat leak problem, because the adiabatic condition
‘holds even on the sample which is directly immersed in liquid
helium, in some exXxperimental conditions, such that the‘duration
of the pulsed magnetic field is shorter than either spin-lattice
or lattice-bath relaxation time. Beside, the pulsed.magnetic |
field methods may deduce some new‘problems as follows. First,
problem is whether such-trahSient method may be applied to the
studies 6f the phase transition. Second, ﬁroblem is whether
the ordering would occur just in the same way as occurs in the
spin system which is in the equilibrium with the lattice .

sys tem, even if it may do in the condition isolated from the
lattice system. For the system having the siglet ground state
originating from crystalline field splitting, the condition
that all magnetic ions in a unit cell have the crystalline field
axes parallel to each other, however,,would not be necessary‘if
we use the pulsed magnetic method. In these system, the
pdssibility of occurrence of ordering among the ions of only
one site would be also another attractive problem.

We check the validity of the pulsea magnetic field method
experimentally in the case of Cu(NQB)Q.Z.SHQO whose nature of
adiabatic cooling and phase transition have been well known in
equilibrium condition. The results are described in Part II

in this article.

* The similar situation exists also in spin pair system, which

will be described in §1.2 of Part I.
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Part I Magnetic Cooling and Phase Transition
in Ce013.7H20
Chapter I INTRODUCTION
§1.1 A Spin Pair System : CeCl.TH,0
Several experimental studies of CeC13.7H20 have been

1~3) They have shown that Ce-S* ions

performed by Weber et al.
in this salt are coupled in pairs by the isotropic antiferro-
magnetic exchange interaction, giving the singiet ground state
~and triplet excited state. The spin pair Hamiltonian is

described as follows:
Ky = Joh, /éH'9'('61+ 8,) (1)

where the iéotropic exchange parameter J/k is 1.16 K, g-tensor
is very anisotropic and the greatest prin¢ipa1 g-value is 3.60,
which is at least one order of magnitude greater than the values
of other axes. Their typical results of the AC susceptibiiity
measurements and the energy level scheme proposed, are shown in
Fig. 1. If the field is applied parallel to the axis with the
éreatest g-value, the’singlet and the lowest component of the
triplet cross at the field value H = 4.71 kQe.

| In order to understand the AC susceptibility behaviors,
it is covenient to introduce the three types of susceptibilities,
that is, the isothermal, the adiabatic and the isolated suscep-
~tibility. For the paramagnetic substance, they are obtained

in the following way,.
By
: oE;

5 - (.a J) e KT

H (2)
) eLT‘
J

M ’ ’(PEJ>




L .

NE , 0>
3k . 0)
X 2F
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100>
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Weber et al,

Fig. 1 a) Energy level scheme of spin pair.
b) Normalized AC susceptibility XZxo as function
of magnetic field H at T = 4.21 K. Dotted

line represents the adiabatic susceptibility.



2
oM aE aE 2
' Ej
13- [E(H+AH) E(H)]e?%
Xiso f;j’_l}oAH J ‘;’ e‘ﬁ = <‘ > (4)
L 2 2
X = Xt EDn _ x 1K JaH> <E><”§J>} (5)
S (32), T KT <EfH — (2,

where the bracket <( > expresses the thermal average. Their
physical meaning may be mentioned in the following way.
If we look at the individual ménergy levels under the
external field, the magnetic moment of ~each level
-'ig  expressed by the .—-EEVEH. ~ Thus, when the frequency of
the AC magnetic field is so high as the population of the
individual level can not be changed,»the response bf the gsystem
ié expressed by the isolated susceptibility ﬂaso' On the other
‘hand, when the frequency is low enough so that the spin systém
is always in the equilibrium with the thermal bath, the response
is expressed by the isothermal susceptibility /XT . If the
spin system is in the internal equilibrium in itself, a spin
temperature TS can be defined although it is isolated from‘the
lattice system. The spin temperature will change following
with the instantaneous value of the AC magnetic field, keeping
the entropy of spin system constant; In this case, the response
is expressed by the adiabatic susceptibility ](S

Tﬁe magnetic field dependence of the AC suséeptibility
in Fig. 1 are now interpreted to express a relaxation phenomena
of a spin system having unequal energy level spacings in general
and then, three kinds of static susceptibility Xs , /%’iso and

;(T will be appeared corresponding to each different equili-




brium condition.

In fact, susceptibility peaks at several harmonic field
show apparently a recovery of mégnetization, or, in.other
words, a recovery ol a certain kind of equilibrium state for
which the response will be given by XS at each peak, and by
X. between these peaks.

1s0 .
If the energy level scheme is assumed as in Fig.l, these

harmonic fields are found to be corresponding to the point
where the intervals between energy levels make the simple integer
ratio, where the’internal thermal equilibrium within spin system
is attained quickly. The susceptibility, there, is expressed byj}(s.E
- Investigated study of the dynamic susceptibility, its f
dependence on magnetic field, temperature and frequency has
given a further evidence for the supposed energy level scheme,
that.is, evidence for the spin pair model as described by Eg.(1l).
Before the description of our experimental results about
the magnetic cooling and the phase transition in CeCl3.7H20, we

consider several characteristics of a spin pair system.

§1.2 Absence of Ordering at Zero Field ‘ N §
Absence of the long range order af zero field is one of |
the characteristics of the spin pair systéms concerned in.this E
arficie. Therefore, we consider the matter in the begining. We
consider the palrs coupled by the'isotrﬁpic antiferromagnetic
exchange interaction, whose Hamiltonian can be written as follows,
’

Lo = L 41, - (6)

- 10 -




where4611 a.nd,Aiz are the spins of the i-th pair and their
magnitude are 4. Further, we consider the weak intér-pair
exchange interaction as follows:

NpY/ / .

o= = Lt b.,4.

For simplicity, we consider here only the case, where J' is ferro-
magnetic. Noting the isotropic antiferromagnetic intra-pair
interaction and using a molecular field approximation for the
inter-pair interaction, we obtain the following effective

Hamiltonian,
_ . 1|7 _
%eff =Jo1 4, - —Z"ZU,n(Azl Y22, (8)
where z gives the number of interacting neighbours, and
n - LBy=8,,0 = 24P > = =24 2y5> (9)

At the absolute zero temperature, the solution is written

as follows

- (10)

Therefore, there is no long range order if the inequality

z|5'|<J holds.

§l.3 Ordering in the Magnetic Field

Next, following Tachiki et al.,*)

we consider the ordering
in the magnetic field, which is another characteristic of the
spin pair systems. In this case, the Hamiltonian for the
isolated pairs would read
_ » (11)
X, = JL 811745, T 9//PBH§(Az11+Aziz) )
1

- 11 -



For the inter-pair interaction, again we assume the form

= J'L (45 + iy 05, ) (12)
<ij>
Introducing operators Si and 'ti defined by
.= .+ D. . = J— 1
S, = 64t 4, and =46y, 8y (13)

we write the Hamiltonian as

1 2 . |
Ky = 3I28 + 9//PBH§521, (14)
and
X = 1JZ(SS+tt) : (15)
' (1J> °

In the case, z|J'|<< J, we may neglet the highest two levels of

the triplet and confine ourselves to the subspace spanned by

j0,0> and |1.-1y . In this case, noting the relations
Sxi = 5}’1 = O) tZi = 09
S2111,71> = =11,-1>, Syl0,0> = o, (16)

il

al1,1> = AIL-D and ill-1> = Aloo

we may introduce the following Pauli spin operators g ,

-1 <1J>

Szi = %(Uzi?l), txi =/%—“Uxi, tyi =J~1§~ i (17)
By use of these relations, the total Hamiltonian is written
. as | ' o
‘ }q (18)
)6 = (J"‘ T h) 'L(j‘f"“ Z Z{Z( 10;9 + O yi 7_])"'0:210}:]}

- 12 -



where h = g/AH and &= zJ'/2.
7/ B
Now, it is easy to expect the natures of the ordering in
this system. For example, again using molecular field theory,
the magnetization .at absolute zero is described as
follows,
h— (J-lxl)

2]o¢| + ¢

('hcl< h <heo) (19)

‘where h,y =J -1%l , b= J 4 o+

.

' The critical femperature is given by
o< .
chz Lj" > (h=J+%) | (20)

It is possible to apply the method for the more

general inter-pair interaction as follows

96 Z {J;ll 1J 11 31 J—ZZ 1_] 12 32 lee (.611-.032 Aﬂo )}, (21)

<1,j>

. m . M
where €. i =1 for the i-j pair interacting with the exchange
constant J_ , and E”:’F=O for the other pairs. 1In this case,

the total Hamiltonian is written as
1,1, e
o = B+g-t-3(Tr5-M )
1 1 1 2 o
¥ 4<‘/§3>{ 7ny Jzz 1 ~ 2y (i + oyicy))

(Jﬂe” Jn€y * 2Ju5 ) iy § (22)

= 4 ‘
where o« = Z(Jﬂzﬂ»rjzzzzzfz‘rﬂzn) . (23)

- 13 -



Now, we take the two sublattice model and ccnsider the
spin ordering at absolute zero temperature in the molecular
vfield approximation. For the purpose of the classification of
the various types of the ordered states, we infroduce another

parameter  as follows,

1
B = 7 CJ1%91 * Jp2%9~ 2J19%12) . (24)

These two parameters, & and ﬁ s are the measures of the
parallel and the perpendicular exchange interaction, respectively.
The classification of the values of oc and B in eight cases is
shown in Fig. 2. In each of the cases, the configuration of

the spin<oy>varies with the change of the magnetic field as

shown in Pig. 3. Furthermore, the(lﬁ)—configurations

- corresponding to the(d&)—configurations are illustrated in

Fig. 4.

In this section, we have reviewed severél points from
Tachiki et al.'s work about the magnetism in spin pair system.
Although the keen insight is gained by using the two level
apprbximation, this approximation confines our to the case
where the next two conditicns hold at the same tiﬁe. One is
the condition zJ'<&K&J. Another is the condition kT<«<J, As
the result of this approximation, theory predicts some symmetric
behavior, with respect to the crossing point, for the
thermodynamicél and the magnetical properties in spin pair
system. Including the effect of the upper two levels, we will
discuss the molecular field theory for the comparison with our

experiments in Chap. IV.of Part I (and also in §4.2 of Part II).

- 14 -



Fig. 2

>

The classification of the values of o and B.
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with change of the magnetic field for each of the

cases (a), (b) etc. defined in Fig. 2.
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Chapter II  EXPERIMENTALS

§2.1  Sample
The X-ray structure analysis of Ce013.7HéO was performed

5)

by Weitz. The crystal structure is monoclinic (‘3: 137° ).

The lattice constants are determined to be a = 12.2 K, b = 10.4
A and ¢ = 12.0 A. The unit cell contains four formula units.
The specimens'used in this work were grown from a saturated
agueous solution below about 5°C in the électric refrigerator.
By this method, we could easily obtain the large transparent
single crystals. The crystal habit is shown in Fig. 5. This
is the cross section perpendicular to monoclinic b-axis. The
principal axis X, mekes an angle about 6° from a-axis. The
susceptibility is the greatest in this direction. In most of
our experiments, the external field‘H was app1ied parallel to
this direction. By free suspension in the magnetic field, the
axis Xy is fdund easily at room temperature. Fast cooling
down to lig. N, temperature makes many cracks in the sample,
therefore the slow precooling has to'be cared. To prevent
deliquescénce, single crystals were preserved in Carbon Tetra-

chloride. The crystals have a tendehcy to form frequently twin

structure.

§2.2 Check of Twin Crystals and Setting of Samples
To check the twin samples and the orientation of the
specimen, the cross relaxation measurements are utilized. For

the simplicity of the experimental apparatus, the measurements

- 15 -



CeCl3‘7 Hzo

Fig. 5 The cross section of Ce013.7H20 perpendicular

to monoclinic b axis.



are performed by using the steady NMR equipement. In most of
the measurements, the high frequency (v = 12 MHz) and the
modulation freéuency (v = 40 Hz) are used. The static external
field is applied perpendicular to the pick up coil.

The typical result is shown in Fig. 6, where thfee cross
relaxation signals are distinguishable in the harmonic fields,
Hy, Hg end H; (see the notation in § 1.1 Fig. 1). The result
for the sample which involves definitely the twin structure is
shown in Fig. 7, where the cross relaxation Signals reveal
with the additional fine structure, or splitting across. The
samples which give the results as shown in Figs. 8a) and 8b) are
frequently obtained. As far as within Fig. 8a), the sample
seems to be real single-crystal. However, inclining the
external magnetic field as is shown in Fig. 8b), we find it to
be twin sample in fact. In this way, we could check the twin
“samples. |

The angular variation of the harmonic fields is shown in
Fig. 9, where the external magnetic field is varied in the a-c

plane. The angular dependence is approximately expressed as.

follows:
H,8) 1 .
—r— = (25)

H,0) |cos 8|

where @ represents the ahgle between xXs axis and the direction
of the external magnetic field. In this way, we ascertain the
fact that the g-values of other axes are negligibly smaller than
the value with‘XQ axis. This method is used also to check

the orientation of the specimen.

- 16 -
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§2.3 Adiabatic Demagnetization Apparatus

Magnetic cooling experiments are performed by using the
adiabatic demagnetization apparatus; whicﬂ is shown'in Fig. 10.

The external magnetic fields up to 45 kOé are applied by
using the supperconducting magnet (SCM) of 100 mm length and 25
mm diameter. The SCM power supply line is connected with 1 mfl
standard resistor in series. The current values are recorded
on X-Y recorder.
| The glass-wall adiabatic cell is used. In order to shut
out the radiation, the cell is covered with the black nylon
sheets. The cell is ccnnected to the vacuum line with the
cobar seal.

The heat guards consist of the Cr-K alum and Apiezon J
0il, and they are packed in the bakelite container. The two
heat guards are connected each other with the bakelite pipe
such that they shield'the specimen. The assembly is supported
by the bakelite rod and the nylon nails.

The radiation shield is placed inside the vacuum liné
just at the entrance of the cell. It consists of three shéefs

of the semi-circular copper plates painted black.

§2.4  Thermometry

As the thermometer favourable to the measurement at low
temperature in the magnetic field, we used the carbon resistor,
Speer 2200 (5W). The carbon resistor, whose mould was stripped
off, was attached to a small gutter in the specimen with

Apiezon N grease. In order to obtain much closer thermal

- 17 -
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Fig. 10 Adiabatic Demagnetization Apparatus.



contact, the resistor and the specimen were bound up with nylon
thread. Resistance was measured by thé DC four terminal method.
The measuring current was varied from O.l/iA to 0.0l/LA,
according to the temperature range, keeping its power dissipa-

12 Ww. In order to prevent thermal lesk

tion always below 10~
from 1K bath through Iead wires, the manganin wires were used as
electric leads inside the adiabatic cell. The lead wires were
shielded with Stycast 2850-GT at the outlet from the adiabatic

cell. The voltage across the carbon resistor was amplified by

the micro-volimeter and was direqtly recorded on X-Y recorder.

§2.5 Magnetic Susceptibiltity Measurement Apparatus

The magnetic susceptibilities of the specimen in the
isentropic process are. observed by using the modified AC
Hartshorn bridge, whose block diagram is shown in Fig. 11.
In most of the measurements, frequency used was » = 1 kHz.
In order to obtain high sensitivity, the secondary coil is
wound directly around the adiabatic cell, and consists of two
pieces, each of which is equal turns but in counterweise. The
primary coil is wound around the bakelite bobin. The induced
voltage across the secondary coil is proportional to the
susceptibility of the specimen, if the compensation of the
coil is complete. Geometrically unbalanced signal without
specimens is usually compensated by electronic way using a
phase shifter and a mixer circuit. Under the experimental
condition of magnetic cocling, the specimen is fixed inside

one ot the piesces of the secondary coil and the compensation in

- 18 -



BLOCK DIAGRAM of APPARATUS for
SUSCEPTIBILITY MEASUREMENT
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. Measurement Apparatus.

Fig. 11 Block Diagram of Magnetic Susceptibility




this case is done including the contfibution due to the specimen.
As the AC susceptibility of CeCl3.7H20 at v = 1 kHz has magnetic
field dependence giving sharply non-zero contribution only
around the several special values of magnetic field, we -
coﬁpensated all the contributions to the pick up coil except
there and then detected the non-~zero induced voltage proportional
to the susceptiopility of the sample at the crossing field.

The compensation signal is amplified by the PAR lock-in
amplifier Model 124 with the plug-in preamplifier Model 117.

The out put of the lock-in amplifier is recorded on X-Y recorder.

- 19 -



Chapter ITI EXPERIMENTAL ERESULTS

§3.1 Zero Field Susceptibility

In order to establish the spin pair model proposed by
Weber et al., we observed the zero field susceptibility of
CeCl3.7H20, in wide range of temperatures.

In the 1ligq. He4

temperétures, the susceptibility is
measured by using the sigle crystal specimen.

In the lower temperatures, the powdered specimen is used,
taking account of the advantage for thermal contact among the
coolant, the specimeh and the thermometer. The temperature
below 1 K 1is obtained by the adiabatic demagnetization of thé
CrK alum. About two hundred of copper wires are used as the
thermal link between the CrK alum and the sample. The
temperature of the specimen is measured by the Speer 220() carbon
resistor thermometer. The resistor is also linked by about
fifty of copper wires. A1l of the wires have the diameter
of 0.1 mm. The susceptibility is measured by using the AC
Hartshorn bridge with the frequency y = 26 Hz. Under this
experimental condition, as the specimen is fixed in the coil,
the absolute value of the susceptibility is calibrated from

that in the 1ig. Het

temperatures.

These experimental results are shown in Fig. 12.

On the other‘hand, from the molecular field theory
discusseéd in 84.1, the zero field susceptibility is expressed

as follows,

- 20 -
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= Ng, p#* z
X = ///% kBT(exFJ/kT +3)+2] (26)

where J and J' represent, respectively, the intra- énd the
inter-pair exchange interaction constant and N, z and g/ give,
respectively, the total number of spin-pair, the number of
interacting neighbors and g-value associated with’XQ—aXis.
First, assuming J' = O, we obtained the values J/k = 1.08 K
'énd gy = 3.57 from the fitting the observed susceptibility to
above equaticn. The result is represented by the dotted line
in Fig. 12. In this fitting, several systematic deviations
were found between the calculated and the experimental result.
It is found thatrthese deviations are almost removed by
setting the inter-pair interaction, zJ'/k = - 0.28 K, which
corresponds the value obtained from the susceptibility
measurements at the crossing point; which are described in §3.2.
In this case, we obtain the values J/k = (1.08x0.02) K ,
(2zd'/k = - 0.28 K) and g, = (3.47%0.02). The result is
fepresented by the solid line in Fig. lé. - These values fbr
J/k and g, are slightly smaller than those obtained by Weber

et al. They reported the following values,

g, = 3.60 (ESR and Zero Field Susceptibility),6)
J/k = (1.16 £ 0.05) K (Cross Relaxation)3)
and J/k = (1.20+0.06) K (Specific Heat).z)
We remark the following facts. Their experiments are performed
in 1liq. Het temperatures and/or above, On the other hand, our
experiment is performed’in wide range of temperatures

including below 1 K. Furthermore, our result is analized by
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‘taking account of the inter-pair interactioﬁ. vFrom the
consideration mentioned above, the values obtained by us are
more reliable than theirs. At the same time, the weakly
ferromagneticaily interacting spin pair model is demonstrated

from our measurements.
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§3.2 Susceptibility at the Crossing Point

In order to know the strength of the inter-pair
interaction, the temperatﬁre dependence of the AC susceptibility
at the point of the level crossing was observed using the AC
exciting current with the frequency 4 = 1 kHz. = The plot,

1/x vesus T is shown in Fig. 13.

For the non interacting spin-pair system, the calculated
results of the field dependence of the isothermal and the
adiabatic éusceptibility are shown in Figs. 14 and 15, respectively,
with the various reduced temperatures. Far from the point of
the level crossing, the adiabatic susceptibility decreases as
the temperature decreases. However, in the vicinity of the
point of the level crossing, the adiabatic susceptibility
increases as the temperature decreases. Furthermore, in this
case, the.adiabatio susceptibility becomes nearly equal to the
isothermal susceptibility at the sufficiently low tempertures.
In Fig, 13. the solid and the dotted line correspond to,
respectively, the isothermal and the adiabatic susceptibility
at the crossing point. At the temperature lower than TfVO.4 K,
these two susceptibilities are represented by the Curie law. |

FigﬁreAlé shows the inverse AC susceptibilities whose
individualwéorfesponds to the peak value at the crossing point
on A -~ H curve in the ccurse of the natural warming up of the
temperature after the adiabatic demagnetization cooling. To
control the temperature of thé specimen, the manganin heater is
used in some temperature ranges. To cover the wide temperature

ranges, the measurements are repeated with overlap for several
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runs. To reduce the eddy'current heating which disturbs the
exact temperature measurement, the magnitude of the exciting
AC field is depressed to about 0.05 Qe. The magnitude df the
susceptibility varies over sixty times within the measuring
temperature range. Therefore, it is very difficult that
the absolute value of the susceptibility is calibrated in
the lig. He temperature ranges. |

| At low temperatures, the experimental results are
represented by the Curie-Weiss law. The Curie-Weiss temperature
,is ferromagnetic and nearly equal to 68 mK. 'From the ccmparison
of the result with the Tachiki et al.'s theory, we are ﬁoSsible
to conclude that the effective exchange inter-pair interaction «
parallel to the field is ferromagnetic and nearly equal to 136

mK'
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§3.3 Isentropic Curves

Noting that the zero field energy level splitting of
AE/k =1.1 K is rather small, we used the conventional
demagnetization method to cool the specimen. ’

The preliminary result in the powdered CeCl3.7H20 is
shown in Fig. 16. Although CeS" ioms in the sample have the
very large anisotropy in g—ténsor, the appreciable cooling is
observed. Under the initial condition, Ti:: 1.5 K and Hizz 30
kOe, the cooling curve has a minimum at the field slightly
above 5 kOe. |

The density of the spin-pairs in CeCl3.7H20 is nearly
equal to that of CeS" ions in Ce2Mg3(N03)12.'24H20 (CMN), which
is well known as the most ideal paramagnetic salt to obtain the
lowest temperature by adiabatic demagnetization. The magnetic
heat capacity of CeCl3.7H20 is as small as CMN, because it is
proportional to the magnetic ion density of the salt.
Therefore, it was necessary to use a proper salt as a heat guard
fbr the present experiment to cool such a magnetically dilute
specimen and to maintain the reached low temperature. From
this reaéon, we used the CrK alum héat guards as described in
§2.3. For the simplicity of the experimental apparatus, the
specimen and its heat guaras are demagnetized by using,
respectively, the central and the fringing field of the same
magnet. The thermal protection of the specimen is most
important in the vicinity of the level crossing field of H 4,71
kOe, where the lowest temperature of the specimen is attained.

When the adiabatic demagnetization to the crossing field is

- 25 -
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performed with the initial condition of H; = 45 kCe and

Ti = 1.2 K, the temperature of the heat guard is expected to Dbe

- enough low temperature about 0.15 K.**

This remaining fringing field of the order of a few killo
oersted has the following advantage from the experiméntal point
of view. First, it keeps the heatvcapacity of the guard salt
large. Second, the susceptibility measurement of CeCl3.7H20
is not disturbed by the guard salts under the existence of the
fringing field.

We perform the adiabatic demagnetization cooling of the
single crystal specimen from the initial conditions of’Ti = 1.2
K and Hi§_48 kOe, by using the heat guard mentioned above.

The results under the several initial conditions are shown in
Fig. 1T7. The minimum temperature of about 68 mK is observed.
An anomaly that the bottom of the cooling curve becomes flat is
found. We can draw the boundary line so as to encloée the
flat part of the curves, which is represented by the dotted
line in Fig. 17. This indicates that the spin ordering oécurs

inside the boundary line. The results from the lower initial

*%¥ This value is estimated from the follbwing approximate
relation, T, = T,(Hg/H;) . In this equation, H; and He
represent, respectively, the initial and the final value of the
fringing field. But the ratio of the fringing field to the
central field is the geométrical constant. Therefore, it is
possible to replace the values of Hy and Hg by those of the

central field of the magnet.



T(mK)

42 46 50 54 H(Oe)

Fig. 17 Experimental adiabatic cooling curves at low temperatures.



magnetic field are shown in Fig. 18, for the purpose of

comparing the results with those calculated theoretically.
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§3.4 AC Susceptibility in Isentropic Process

From the results whiéh are described in the preceding two
sections, we can presumally expect the appearance of the ordered
state in the system of CeCl3.7H20 at the temperatures T <72 mK,
near the level crossing field. For the case of Cu(NO3)2.2.5H20,
as described later, drastic change appears in the field
dependencé of the susceptibility, when the system approaches to
the ordered state.

One of the resuits of AC susceptibility measurements with
the frequency vy =1 kHz is shown in Fig.'l9, where the horizontal
axis, that is, H-axis is expanded to make clear the shape of |
the susceptibility, and the minimum temperature Tz 68 mK.

This field dependence is very resemble to those at
higher temperatures, except the maximum field value decreases
slightly by about 50 Oe from the value at T=1.2 K, In
comparison with'the cooling curves, the shape of the suscepti-
bility is smooth at the vicinity of'the points where the
cooling curve bends. We remark the next two points for the
reason to fhis-tendency. It may be related with the relaxation
effect, although no frequency dependencé of the sﬁsceptibility
has been observed at low temperature in the frequency ranges
from 200 Hé to 10 kHz. As other possible reason, it may be
due to the character of the inter-pair interaction, such as
the ratio to intra-pair one in the strength, the sign, or the‘

measure of low-dimensionality.




CeCl37H,0

¥ =1kHz
1}nhf=(5E3nnP(4

L4 46 48  H(kOe)

Fig. 19 AC Susceptibility in Isentropic Process.



Chapter IV MOLECULAR FIELD THEORY

$4.1 Several Formulae

For the comparison with the experimental results,
including the effect of the upper two levels, we discuss the
several thermodynamical properties in the spin pair system.

The Hamiltonian for the isolated pair is assumed as folldws.

£, ;jz.:‘oﬂ'oiz + 3//PHZ(Azi1+'0zi2) . (27)
1 B 1 »

For the inter—pair interaction, again we assume the form

X.——IJ!ZM gt L3250, | (28)

¢ij>

In the same way as $1.2, we obtain the following effective

Hamiltonian
| (29)
K= J4i% +3//}1H(p1+pzz)+ zlJI{mc 214201 B8}
where
S SRV 2489 = 2448, (30)
and '
n = <{4q- > 248> = = 2448, (31
Noting the relations,
1 .
(%1*‘%235”‘1(32““@10‘2) =0, (32)
and ' ,
(8- sz)r (o Byt pip) = 0 | (33)

and taking the states oyx,, JZ( L Ba-8,%,), 3152v,/z (X1By +P1%9 ) s

‘as base vectors, we obtain the following matrix representation

for Heff
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r \
f £ 0
H J & 1 -8
eff ~ 0 -g -f ) A (34)
0
N 7

where f=h+)m, g =)n, h=g/§¢H/Jand A:%ZIJ'I/J.
Now, for the simlicity_of the description, we assumed that
J is equal to unity, in other words, we adopt the exchange
constant J as the unit of the energy. Then, the secular

equations for Hope are

£ - - (f g e~ f2 = 0 (=868

and : (35)
E=0 (& =& ' |

Using these energy eigen values, the free energy per spin pair

is expressed as follows,
_§ | -
—-t{ﬂn(Z_}e t )}+—ji—}\(mz+n2) , (36)

where t represen‘ts the reduced temperature kT/J, the last term
%X(m + 1 ) is the compensation term for twice countlng of the
inter-pair interaction.

The equilibrium values for m and n are determined by minimizing
the free energy (36)with respect to them.  Thus, the self-

consistent equations are obtained as follows,

m = <——f‘ | (37)
and

= -5y B - (38)



where the bracket < 7 represents the following quatity

&/ |
<QEp) = Z@(%’)e /7 | (39)
The derivatives §§: aé are expressed as follows,
o2& _ 2f(E+T)
of 3e%+2€E-Cf2+9%)
(for £=6;,E5.65 ),
o¢ _ 29¢& ~ (40)
ag 3£2+ 262_(f2+32)
and 28 _ 2&€ _ o =
of 59 = 0 (for € 84),
The entropy s 1is expressed as follows,
g 74l | . |
- —%@_xn@ = InZ +1 <& , (41)

where pj represents e’§V%/QZ._

From the definition of the bracket < >, it is easy to identify

the following formulae.

2

fg<§(fg,t)> -+ 4 L1(oep - <@><6J>}

(af) <@(f9,t)>~<§f {@ Sy - (@< J>} (42)

and (ag (Difq t>>-< 1{@3% <§><383>}

Using these formulae, and taking into account the relations (37),

(38), (40) and (41), we obtain the following relatiouns,
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N ( Y
2 2m
I
\(—ng)h / \ (5%%)3/ ’
;. 3\
_(am)w -1 (gm)e,t
= R _ ,
2n
L<g% \(_a?%t)
2 2
(3?3,t <- 2;2 >+ L8> - < &Y )

@y, =< —g%‘%ﬂ ~1t—{ &Yy -<%3} ()
-(3%)5 &y: +%z{<%><%€'j>-<%f"-%?},
) _ (agﬂ . t {<a>< <a3 6J>}
| (%}f’g o o %{<£§> _ <»£J->Z }’
Cand ,<%%}; | =',:.g§ ﬂ; A{( ( )ft}
1

where R~ represents the inverse matrix for
—a(om om :
1-2AGfg | A(5g)s 4 -
R = (44)
: : —7\( )3 t 1 - al ag)
The magnetic susceptlblllty observed under the adiabatic

process is corresponding tb the adiabatic susceptibility

_ 2
@), =GP, - 3D,/ | (45)
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The formulae for the disordered phase, which is
characterized by n = O, are much simpler than those for the
ordered phase descibed above. In fact, the following

formulae can be obtained easily.

g]_:"f, 62='1, 63=f and 64=0'

n=n45.
), =(%?)f/{1fA(§;m }

gy, - @h,/ {1-23D},
m 1
(—%t - T{’q_+7§_m2}7

G = @), = pAfAp+p —<epm} C46)

20y _ 1 2 4
@) = ?{<£j>-<63>}

ana (B2 = G2); + A (3P, (22),

Especially, zero field susceptibility is expressed as follows,

1 2

_ t 7

X = T 112
t 7 :
Rewriting this with the original units, we obtain the next form,

(47)

.

which holds also in the case of antiferromagnetic interaction,

2.2 2
.Ng//PB kBT(3+epr/kBT)+ZJ’ . (48)

X =
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§4.2 Absolute Zero
At the absolute zero temperature, providing 0<A<$,

the next three solutions are possible,

o1)

m=20 and n =20 (h<h
(49)
m=1 and n =20 (h>h02) R
or m=h{n®- (1 - 20)}/(21)
and n2 = (1 - 02)(h%= 1 + 2)(B%+ 1 + 20)/(21)2
. (50)
* %
' : (hcl< h<hc2) !
where hcl =41 - 27 and hc2 =1 .
The former two solutions are disordered phases. The last
solution is an ordered phase.
The reduced susceptibility X =2m/2h 1is described as
X =0 : (§<ho1 or h>h,,) , _
' 2 : ' ' (51)
x= {3 (1 -20}/(28) (b, <h<hy) o

Thus, the phase transitions which occur at h = hcl and h = th’ :
are second order with respect to the magnetic field.
In this case, as the entropy of the system is also zero, the

adiabatic susceptibility is also expressed by above equation.

¥*¥ TIn the limit .ags A~ 0, this solution is expressed as follows,
m = h/a (h 4 <h<h,,)
where hcl =1 - ) and hc2 = 1.

This corresponds to the résult obtained in §1.3 .



$4.3 Phase Boundary and Isentropic Curves

Assuming that the phase transition is of the second
order, we are possible to obtain the phase boundary in the
following way. The ordered phase is charactérized by n # 0,
and the disordered phase is characterized by n = O. Therefore,
the second order phase boundary is obtained by limiting n to
zero in the ordered phase. From eq.(34), by using the first
order perturbation with respect to n, we obtain the fdllowing

egquation

AN, . AD
n-1+f(,ﬁ2 ,Dl)+1_f(;>2 A,
or 1 1 1
PR TS Ry A D (52)

In this limit, the quantities Pj are expressed as follows,

A = 'e—ﬁyz , P - ep/z, A= ez, p,=1/Z, (s3)

where ‘
' 7 = 1+ ePf o ¥ 4 ef, | (54)
Assuming A = 0.125, the phaée boundary obtained from this
equation is shown in Fig. 20 as a dotted line. The curve is
nearly symmetric with respect to the line h = 0.934, where the
transition temperature have a maximum, tc:max ~ 0.0646.

Again, assuming ) = 0.125, we obtain the isentropic curves
for the several values of the entropy, which are shown in Fig.
20 . The overall feature of the isentropic curves are shown

also in Fig. 21. The curve in the ordered phase is expressed

by the nearly straight line having small negative slope.
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§4.4 Adiabatic Susceptibility

Using the formulae in' §4.1, we can obtain the adiabatic

susceptibility along the isentropic process. Again assuming
1 = 0.125, we obtain the results shown in Fig. 22.

Also at‘the finite temperature, the adiabatic éuscepti—

bility of the ordered phase is nearly equal to that at the
absolute Zero. The adiabatic susceptibility in the

~disordered phase, is strongly dependent on the values of the
field and temperature,  therefore the temperature variation
along the.isentropic process is taken into accounf._

In the casé,S/RZIL693, the system is not entered into
the ordered phase, and the adiabatic susceptibility becomes
more sharp as the entropy values becomes lower.

On the.other hand, in the case, S/R £0.693, the system
is entered into the ordered phase within a certain range of the
field values, where the adiabatic susceptibility is nearly
equal to that at the absolute zero temperature as already
described.' - In fhis case, the adiabatic susceptibility in the
disordered.phase makes small broad maximum and tends to zero

towards the phase boundary.




T \ S=.70R
) ‘ ~_~"|s=67R]
' .8' . .9 h ].0

Fig; 22 Field dependence of adiabatic susceptibility along

isentropic process calculated by assuming A= 0.125.



Conclusion

We study experimentally the magnetic cooling and phase
transition in spin pair system with singlet ground state,

L 7H20 -

| CeCl3

We perform successfully the adiabatic demagnetization
with the initial condition, H; = 48 kOe and T, = 1.2 K. The
cooling curve is obtained with the minimum femperature of 68 mK
around the energy level crossing field of 4.7 kOe. The
susceptiﬁility at the crossing field is represented by the
Curie-Weiss law with the ferromagnetic Curie-Weiss témperature
of 68 mK in sufficiently low temperature region. This is
consistent with the temperature dependence of the zero field
susceptibility. It is found that the bottom of the cooling
curve becomes flat around the crossing field at the temperature
below 72 nK. From this fact, it is concluded that the spin
ordering occurs around the crossing field at the temperatures
lower than the critical temperature of 72 mK.

The field dependence of the observed AC susceptibility is
very resemble to that at higher temperature, except the maximum
field value decreases slightly by about 50 Oe from the value at
1.2 K. In comparison with the cooling cﬁrves, the shape of the
susceptibility'is smooth at the vicinity of the points where
the cooling curve bends. The possible reasons for this tendency

are pointed out.
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Part IT Pulsed Adiabatic Magnetization

in  Cu(NO .2.5H,0

3)2

Chapter I INTRODUCTICN

Mosf of experiments cn magnetic cooling such as adiabatic
demagnetization have been performed‘using a conventibnal
electromagnet, or a superconducting solenoid. The sweep speed
of the field in a usual case'has been chosen slow enough to
keep both the cooling salt and other substances being in almost
thermal equilibrium and also, from the practical reason, to
avoid possible eddy current heating during the adiabatic field
passage.

This quasi-static thermodynamical condition in the course
vof adiabatic cooling is considered to be important so far to
cocl the total syStem as low as possible. However, this would
not be neceséary so long as we are concerned with only the
cooling of the salt itself. Further, a usual adiabatic cell
may be also unnecessary, if we are interested in the therm6~
dynamics and the magnetism associated with only the spin system
of the cooling salt. Becausé the adiabatic condition between
- the salt and the thermal bath in usual case would be replaced
by that between the spin and the'lattice'systeﬁ inside the salt
in this case. It is possible to produce such an adiabatic
condition experimentally, even if the effective spin lattice
relaxation time within a salt itself is short when it is compared

with the minimum sweep speed of the conventional magnet stated

above.



In this part, we will report the finding of the cooling
and the spin ordering which would be expected even under the
condition that the spin system 1is thermally isolated from the
lattice and not influenced by phonons. .

Apart from the problem.of the cooling of the lattice
system of a salt or thé indirect cooling of other_subétances
via lattice phonons, we can ﬁow successfully‘employ the following
two methods for adiabatic cooling which would be realized in
only the spin systemn.

One is the method well known as adiabatic fast passage in
nuclear magnetic resonance, with which the spin system is cooled
by the fast variation of RF frequency from off-resonant to
resonant. The report on detections of a nuclear spin ordering
in a rotating reference frame by Abragam et al.l) is one of the
most'fascinating and successful example in this field.

The other is the method of adiabatic magnetization using
a strong pulsed magnetic field. Several special specimens such

2) ana N13n016.6H204) have

ss Cu(NO;),.2.5H,0,27 ) CeC1,.7H,0
been studied from the viewpoint of adiabatic magnétization
cocling uﬁder the static condition so far. Above all,
Cu(NO3)2.2.5H2O is the most suitable sample for the}purpose of
the examination of the spin cooling by pulsed adiabatic

magnetizationB) because the-already reported isentropic curves,g’ 3)

2, 3) = 3)

the spin ordering and its phase boundaries-’ under "static"
condition would be compared with the results of the present
"transient" one. Once, the equality between results in both

cases of "static" and "transient" is established, the validity



of the latter method would be apparent in the field of the
studies of the magnetism at high pulsed magnefic field. At
‘the same time, the mechanism of magnetic ordering will be

- examined in reference with lattice system as one of the general

properties of phase transition.
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Chagpter II EXPERIMENTALS

§2-1 Sample
Single crystals of Cu(NO3)2.2.5H2O are obtained by slow
evaporation of the saturated solution at 50°C.  The érystal
is monoclinic and elongated along the crystallographic b-axis.
The detailed study of the X-ray analysis has been performed by
6)

Morosin. Throughout experiments, the external magnetic field
was applied parallel to the needle axis of the crystal, which
accords with b-axis and hereafter is written as H/Db . The
crystal is very hygroscopic and it is necessary to be air-tight
around the crystal or to coat the surface with some non-magnetic
grease such as Apiezon-N or silicon.

Friedberg et al.7) first pointed out that cult spins in
| Cu(N03)2.2.5H2O are coupled in pairs by isotropic antiferro-
magnetic exchange interaction of J/k = 5.2 K. Summing up the

7)

magnetic properties studied already in susceptibility, specif;

9)

ic heat,8) magnetization, paramagnetic relaxation,lo) ESRll)

and NMRL2)

measurement, we may conclude the evidence of the
isolated pair model of cut spins in Cu(NO3)2.2.5H20, although
the values of J/k and g-anisotropy differ slightly among
several authors. '
Thus, we may write down the spin-pair Hamiltonian of Cu2+

spin as »
%s,a"ﬂ-fa““ = Jor8, + S/ng("zl*"zz) (1)

where g, ( parallel to b-axis ) = 2.31,13)

- 42 -



From eq.(l), we can expect readily that the ground singlet énd
the lowest excited triplet cross under the external magnetic

- field 6f H, = J/g}% as shown in Fig. 1. | |

This energy level crossing was found by the high frequency

susceptibility measurement under high magnetic field up to 50

10, 14)

kO and the detection of the several types of the cross

relaxation process in this salt gave a direct verification of
the previously stated pair model as well as the very existence
of -appreciable orger of the inter-pair interaction J' .

About the pair-links by J', two models of "ladder" and "alter-

15)

nating chain" are proposed by Friedberg as shown in Fig. 2.

Another powerful evidence for the inter-pair interaction

was given by the observation of the cooling'by adiabatic

10)

magnetization analogous to the usual adiabatic demagnetiza-

tion. A simple expectation to observe a spin ordering at the

2)

crossing field was realized immediately after the first

successful findings of the cooling. Results are shown
schematically in Fig. 3, giving a new type of an order-disdrder
transition with semicircular phase boundary in the T-H diagram.

17)

Tsuneto and Murao,l6) and Tachiki et al. examined the

spin ordering of the ground state singlet magnetic systems.
Especially, Tachiki et al. proceeded their theory in the case

of Cu(NO .2.5H,0 and obtained qualitatively good agreement

32
with experiment.

3)

M. W. van Tol et al. examined the phase transition by
NMR and specific heat measurement around the crossing field

and clearly demonstrated the double stages of the structure of
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Fig. 1 Diagram of the energy level splitting of the ground
spin states of Cu’' spin-pair in Cu(NO,),.2.5H,0 under

an external magnetic field.
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the phase boundary, one of the short range, the other of the
long range as shown in Fig. 4. Tﬂe appearance of the short
range order reflects the low dimensionality of the spin-pairs
and successive long range order will be due to'either inter-

ladder or inter-chain weak interaction.

§2.2 Pulsed Adiabatic Magnetization
In §2.1, we outlined the reported magnetic properties of

Cu(NO3) .2.5H,0 where an external magnetic field had been varied

2
slowly and considered to be thermodynamically almost "static®
at the every stage. Now, we apply here a "transient" method
to' the study of the thermodynamic and the magnetic properties

of Cu(NO 2.5H,0 under high magnetic field.

32
In the cooling of a spin system by pulsed adiabatic
magnetization, the estimation of the spin temperature is possible
only through the susceptibility measurement in place of the
indirect "lattice'" thermometers. |
The most essential point in our +transient experiment is
to cut off the fhermal link between a spin and a lattice sjstem,

the measure of which is given by a spin-lattice relaxation time

According to the relaxation measurements by Duyneveldt-

18)?S

'Z‘Sl .

et al., 1 in low field are expressed by Inverse QOrbach

Process given by
T = 2.05x107°x(exp5.2/T-1) sec. (2)

This gives 7Ty = 4x1073 gec at 1 K and increases rapidly with

decrease of temperature. Another measure of the thermodynamical
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Fig. 4 Experimental transition temperature versus external
magnetic field. Shaded area represents large short

range order, dashed curve connects minima in the

(experimental) isentropes.



‘quantity is the éross relaxation time Tor which governs the
thermal eguilibrium within a spin system. Tokunaga et al.14)
measured high freguency susceptibility under magnetic field up
to about 50 kOe and concluded that Tor at Hc is at least shorter
than 5;10‘8 sec. The experimental condition 75r<?}'<?él’
which is necessary for the cooling cof a spin system by a
transient method, will be realized by use of a pulsed high
magnetic field with the quarter period ?b less than about 5 msec.

| In Fig. 5, the block diagram of the apparatus for pulsed
adiabatic magnetization is shown. A number of pulsed cocils to
satisfy above condition were tested in ligqg. He4 bath. After
several improvements, we made an 100 kOe magnet, whose dimensions
are 50 mm long and 10 mm ¢ inner-diameter. This coil has
worked more then ahundred times and the dissipation of ligq. Hel
was rather a small amount, giving for example, 0.35£ for one
shot. An arc and & corona type discharge do exist in this case
but almost disappear by coating an insuléting adhesive such as
Araldite Rapid for electric lead junctions and fixing pulse coil
with some epoxy resin. |

Energy bank consists of 120 electrolytic condensers

whose individual has the capacity of lOO/;F/SOO W.V.
and the cascade connection of them gives a condenser bank of
SO ﬁFx60/IOOO w.V. The ignitor of the sendaitron switch are
drived by a TV - flyback transformer. Pulse current is
direcly read by a standard resistor (50mV/30A) connected in
series with a pulsed coil. As this resigstor has leakage

inductance of the order of 100 pH, we cannot use it as a
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current monitor for such a rapid pulse as those with the rise
time less than IOO/LSQC.

Signals of the sample are given in the form of an induced
voltage across the pick up coil as

U o< ggé | o (3)
where yf is the magnetic flux. Of course, the flux originated
from a pulsed field are almost compeﬁsated bécause of counter-
windings;of the two pieces of pick up coil and the residual
unbalance are resistively compensated. To prevent burning
out of the lead wire of the pick up coil, two pieces of them
are connected in series from the beginning and the small
auxiliary coil is wused for compensation.

Induced voltage vg is roughly proportional to the
derivative of the magnetization with respect to magnetic field,
which gives susceptibility, so long as the time dependence of
the magnetic.field is approximately linear. In our case,
pﬁlsed magnetic fiels of 80 kOe is strong enough to observe
the derivative of the magnetization at 35 kOe * 5kkOe with an
error of linearity within a few percent. '

After compensated, the pick up voltage is put into the
digital/analog - memory function. Transient Recorder
(Biomation Model 8100) is superior to a storage oscilloscope in
éome respects, for instance, in time resolution, memory function
and flexibility of data analysis. - The examples of the recorder
trace are shown in the next section.

At the first step of the experiments, the sample, the
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pick up coil and the pulsed magnet were immersed together in‘
liqg. He* bvath. An adiabatic cell was used in the next step,
where the sample was set in a vacuum cell and the initial
condition was given by the contact via exchange gas. The same
results were found in these two methods of the experiments of
the pulsed adiabatic magnetization using a pulsed magnet of

Tf = 4 msec,

3

Therefore, in the experiments at lig. He temperature
regioh,'the sample was immersed directly in ligq. He3.v In these
cases, thermal bottle-neck might exist not only in spin-lattice
but also in lattice bath. There were no remarkable differences
between a short and a long pulse with 'tp of 160/usec and 4 msec,
respectively. Results are summarized in the case of the long
pulse. |

Some results of our transient method are compared with
those of the "static" isothermal experiments. The apparatus

3

for the "static" case are usual He~ pot system and appeared

elsewhere.
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Chapter IIT  EXPEKIMENTAL RESULTS

§3.1 Susceptibility at Zero Field in "Static" Case

In §1l.2 of Part I, we have already mentioned about the
absence of the long range ordering of the spin pair system at
zero field. Cu(N03)2.2.5H20 is just the case. The suscepti-
bility is expected to show a broad maximum of the Schottky-type
at T = 0.62 zJ/k and below this temperature the system becomes
| noﬁmagnetic with decreasing temperature. Figurev6 shows the
experimental results of the temperature dependence of the
susceptibility at H = 0 with the theoretical curves. The
agreement with theory is satisfactory if we add a small inter-

pair interaction of zJ'/k = 1.68 K21)

in the isolated pair
model with J/k = 5.2 K. The theoretical expression of the

susceptibility is already given by eq.(26) in §3.1 of Part I.

§3.2 Susceptibility under External Field in "Static" Case

. Magnetic field dependence of the AC susceptibility is
shown in Fig. 7, in which the field is épplied parallel to
b-axis and the’temperature is taken as the parameter for each
run. Response of the adiabatic susceptibility is obtained at
the measuring freguency of Yy = 1 kHgz, below Tv= 1.28 K. The
figure shows the tendency of the saturation of the susceptibility
around H = Hc and this change of the shape toward lower
temperature seems to show a development of a kind of spin
ordering. Referring to the already reported phase diagram of

Cu(NO3)2.2.5H2O, the short range order of spins occurs at
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T = 0.35 K. |
In § 3.1 and § 3.2, we have obtained an essentially

adiabatic susceptibility under isothermal, in other words,

“static® field sweep. These results will be compared with the

next "transient" results.

§3.3 Results of Transient Method

A series of the field derivative of thé magnetization
under pulsed magnetic field are obtained for the several values
of the starting temperatures as typically shown in photo 1.

In the early stage of experiments, a double channel
strage oscilloscope is used and the analysis of the results is
performed through these photos of the stored signals. Photos,
1(a), 1(b) and 1(c) show the response at the only first half of
the pﬁlsed field and the total response is, of course,
antisymmetric as shown in photo 1(4). A1l the experimental
data is summarized with thé pulsed field which was set and
discharged with almost egual condition. Relative setting
errors will be less than a few per cent. The vertical
sensitivities are relative for both signals and pulsed field
which are calibrated later by pick up coils. The horizontal
sensitivity is fixed with a time scale of 500/1sec/div.’

The wings corresponding to the cross relaxationlo’ 14, 18)
are obsérved at the both side of the susceptibility maximum at
H=H, above T, ; 1.7 K.

The estimation of the cooling by the pulsed adiabatic

magnetization is possible referring to the static result in §3.2.
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Photo. 1 Photographs of dlM/dt signals in a pulse field.

Vertical sensitivities are fixed for (a), (b), (c)

and (d). < dis horizontal time scale.



Typical example is given in the case of T, = 1.56 K, for which
the susceptibility around H = H, is found to corresponds nearly
to those of T = 0.47 X in the static isothermal experiment.

The most striking is the appearance of the double peaks
‘of the signal with the starting temperature below 1.5 K. The
double peaks with sharp edge are observed at T, = 1.11 X, for
which the phase transition of the second order becomes possible
to be observed.

At lower temperature of 0.5 KﬁiTié,l K, the shape of the
signal itself is almost the same as that of T, = 1 K.  In
Fig. 8, (oM/2H), curves and a pulsed magnetic field are plotted
as a function of the sweep time tgusec). The initial
temperature T, is varied from 4.2 X to 0.4 X as shown in the
figure. The pulsed field is applied so as to be approximately
equal-for each run and shown with a single dotted line. The
figure also shows the existence of the critical fields, Hcl and

H between which the ordered state exists and outside of

c2 ?
them, the system is in disordered state giving no contribution

to the susceptibility. Since no distinct change in the shapes
of signals around T, = 1 X is obsérved as shown in the figure, the
phase transition from the short range to the long range order
cannot be decided from our data. However, we read that‘the
results beldw Ti = 1 K are undoubtedly of the long range order.
Because the static dataB) has shown that the entropy S/(3R)
corresponding to Ti = 1.1 K is 0.14 for which the isentropic

curve already enters the long range order. Moreover,

5)

successful finding of the cocling and the short range ordering
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above Ti =1K seemsvtb show the adiabatic condition between
the spin system and the thérmal bath is fairly goocd and is
improved further at lower temperature. And also there exists
the relatively very short cross relaxation time of the order of

8

107" to 1072 secl4) to compare with our passage time éf the
‘pulsed field which is of the order of 1073 sec.  We comsider
above statements give necessary conditions for the establish-
ment of the long range order. |

To see the limiting behavior of the ordered state at low

temperature, the double channel transient recorder (Biomatidn

8100) was used together with the monitoring storage oscilloscorge.

An example at T; = 0.4 X is shown in Fig. 9.

The obtéined traces are best fit for the investigation
of the shape of the signal and yet there does not appear
distinctly the double structure of the phase boundary, which
might be detected in the course‘of the magnetization.

- The magnetization curve for the initial condition of
Ti = 0.4 K is obtained by the integration of the derivative of
the magnetization, 2M/9t, with respect to time. The result
of the integration in the magnetic field range from 20 kOe to
45.kOe is plotted in Fig. 10. The magnetic field dependence
of the magnetization is expressed not by a linear functionB) of

a magnetic field but rather by an inverse sine function

which will be given theoretically in the next section.
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Chapter IV DISCUSSIONS

§4.1 Theory of Short Range Order

According to Tachiki et al.,t9) the spin-pair Hamiltonian
for Cu(N03)2.2.5H20 in the short range order%ng region is
‘written, apart from the constant term independent of the spin

states, as

vA : = X ’ . zZ _Z
2 = f;o;_. + —%—KZ[?—(% <£i<1+vzyozil)i%oz+1](4)
AL

where G, is Pauli spin in the £ -th pair and f and X stand for

the following gquantities

f - doga- D -ET0m

< J(1%3) I O

K

where J and J' is the intra- and the inter-pair interaction and
either sign } or - are taken corresponding to the two models of
the pair links, ladder and alterhating chain model, respéctively,
as shown in Fig. 2.

Exact expressions for various thermodynamical quantities
in the case of wvanishing longitudinal component, 1i.e. those in

the case of the X-Y model, for one-~dimensional lattice under

magnetic fields, have been obtained by Katsura.Zo) From his
theory, the free energy is given by
x .
N/<BT [ : f=-2Kcosw
= - 2 cosh ]&C” 7
F 7T A £n ( kBT ) ( )
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Tachiki et al.12) examined the qualitative nature of the
short range oraer of spins in Cu(NO3)2.2.5H2O using the above
_free energy and obtained gualitatively good agreement with
"static" experiments on adiabatic magnetization.

To compare the theory with transient experiments, we
calculated the adiabatic susceptibility (EM/aH)S along the
isentrdfic process.from eq.(7). The results are plotted
against the reduced field h = f/2K in the vertical unit of
Ng%uBZ/BK for several values of entropy, which are shown in
Fig. 11. The intra-pair exchange constant J/k = 5.2 X is
used for the éorrespondence between entropy and starting tempera-
ture Ti which is also shown in the figure.

The theory predicts that the double peaks of CaM/aH)S
appear symmetrically with respect to h = 0 if T is less than
1.4 K and that (QM/QH)S at h = 0 has the maximum value when
Tic:l.4K, where h = 0 corresponds to the real field of
H = J/gfé + zJ'/4gyé. This is qualitaﬁively in good agreement
with experiment except the asymmetry observed. The theory
also explains the experimental values of the boundary fields of
H ., = 29.3 kOe and H

cl ~
observed with Ti

ep = 40.4 kOe for each of the double peaks

1.11 X. Taking the reported values of

i

Ik = 5.2%,7) g=2.31 (H/0)3) ana 20'/k = 1.68 k,%1) the
theory predicts Hcl = 31.4 kOe and HC2 = 41.3 kOe with Ti = 1.1 K.
Taking account of a possible error of a few percent about the
experimental values of magnetic field, agreement with the theory

is fairly good. Thus, inter-pair interaction J' is confirmed

also from the present experiment to be J'/k = 0.84 K (ladder)
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field h. J/k = 5.2 K is used for the correspondencé

between entropy S and starting temperature Ti(K).



or 1.68 K (alternating chain).  The theory also predicts that

the magnetization in the limiting case of T = 0 has the form

’ ‘ ’
M = %Ng}gsin‘l (3PBH";'ZI/4) ; [g}éH.—]——ZZIk—Z—Zl (8)
which are shown in Fig. 12. -
This is already assured experimentally in Fig. 10 and the
slight deviation from eq.(8) is again due to the asymmetry of
the experimental »M/2% curves. D
Above discussions are based on the theory of the short
range order of spins in the case of the X-Y model for one
dimensional lattice under magnetic field. Also the theory
treéts for simplicity only the lower two levels, resulting
a symmetric behavior for the fielé dependence of susceptibility
around the reduced field h = O.

1.3r 18) introduced an anisotropy of the

Van Tol et a
-intré~pair exchange interaction to explaln the observed
asymmetry of the isentropes which are closely related with the
present asymmetry of the susoeptibility. In the next section,
however, we show the asymmetry is explained guantitatively
by taking all the four levels into account in place of the
.previous two level approximation. At present, there are no
decisive experimental evidence for the four level, approach to
be preferred to the introduction of anisotropic interaction J.
But we employ the former because we consider it being more
stréightforward than the latter. In fact, the choice of

anisotrbpy parameters and inter-pair interaction J' seems to be

still rather arbitrary even if the observed isentropes are
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explained qualitatively. Electron spin resonance among the

2+

triplet states of Cu spin pair has not yet shown any

structure due to the existence of anisotropic interaction J.

§4;2 Asymmetry in the Susceptibility (aM/aH)S Curveé

Now, we discuss the susceptibility of the cu’t spin pair
system in the ordered phase taking account of the effect of the
'uéper two levels. In this case, we adopt two sublattice
model because the main inter-pair interaction J' is antiferro-
magnetic. Using a molecular field approximation for the
inter-pair interaction in a similar way as Part I §4.2, we
obtain the following effective Hamiltonian for either of the

sublattices,
X(;é = Js.-s.. + (h=amw)(sZ + 82) +An (s} - 5)

e i1 2412 117 i 117 212/ (9)
where %;expresses the gquantity zJ'/2J, and m' and n' represent
the total (parallel) and stagger (perpendicular) magnetization
of the other sublattice, respectively. Assuming m = m' and
n =-n', H(f) is rewritten in the following matrix representa-

tion form,

(1 -am  An//2 0
K8t =7 e/ -1 e - (10)
o w/ff -(n—pm)
0)

N

Although this eguation appears in the similar form as in the
case of the ferromagnetic inter-pair interaction, the solution

is rather complicated. Here, we consider the case at absolute
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zerc temperature. We take the ground state wave vector as
follows,

; . ; N
sin6/2 sm¢/2

cos6/2
sine/2 cosg/2 (11)
L" o B
Providing 0<{A <%, we obtain,
m= - <s§ + s}2(>= 5in®40 cosg , (12)
n = 2 sing® cos3d (cosg/2 - sing/2). (13)

After straightforward but rather long calculation, we finaliy
obtain an ordered state, in which the field dependence of the

magnetization is described by a variable ¢ as,

_ cos@ [A(1-sing) + sing ] '
L _ cosglaa(l-sing)+(1+sing)] = (15)
(1-sing)? ' |

in the field range hcl< h<h02’ where h 4 =/1 - 2A,

h,, =1+ 22 and ‘sin}zﬁ is varied from O to - A/(1 -A).

Thus, the susceptibility in the ordered phase is expresssed as,
7( _om _ (1+A) +(2-A)sing

= ok ) .

Al(3+22) + (3-2A)sing)

Especially, on the phase boundaries, it is expressed as follows,

(16)

- d-2A . L

X = RGoany b (h=hg), = (17)
= .___’.l.__-t_&___m ’

X = A(3+2A). 7 (h=he,). (16)

S



Assuming zJ'/k = 1.68 K and J/k = 5.2 K, that is,
A = 0.16, the field dependence of this susceptibility is
represented in Fig. 13. The calculated asymmetry of the
susceptibility amounts to about 20 %, which is very well
agreement with the present experimental results in the transient
method at the lowest initial temperatures represented in Fig. 8.
Temperature independence of the asymmetric 9M/2t curves observed

below T; = 0.75 K reflect the finite asymmetry predicted by

1

the theory at absolute zero.
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Fig. 13 Field dependence of susceptibility at absolute

" zero calculated under molecular field approximation.



Conclusion

We succeed in finding of the effective cooling and the
spin ordering phenomenon by the susceptibility measurements under
the pulsed magnetization process of Cu(NO3)2.2.5H20. |

If we start with Tig2.0 X, the spin system behaves
like a paramagnet showing the almost symmetric peak. With Ti
lower than 1.5 K, asymmetric double peaks afe observed with the
round minimum around 34 kOe, This phenomenon corfesponds to
the spin short range order caused by the adiabatic demagnetiza-
tion cooling.

We calculate the adiabatic susceptibility along the
| isentropic process from the X-Y model for one dimensional
lattice. These calculations are gqualitatively in good
agreement with the experimental results except the asymmetry
observed. This asymmetry is explained qualitatively with the
molecular field theory taking account of the effect of the total
four levels of the spin-pairs. )

The validity of this transient method is established from
the above comparison between the observed and the calculated
susceptibility. Much more varieties of the studies of the

magnetism in high pulsed magnetic field are expected!
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