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- Abstract

The Haldane gap antiferromagnet Ni(C;H14N9)oNsClO;y (NDMAZ) and
the heavy fermion superconductor UPts; have been studied under complex
extreme conditions.

The heat capacity and the magnetization measurements of the single
crystal of NDMAZ were carried out at low temperatures down to 0.1K
and under magnetic fields up to 14T. We have observed three dimensional
long range ordering of NDMAZ under magnetic field of H ~13T applied
parallel to the crystal c axis and at temperature 7" ~0.3K, which is ascribed
to be due to both the field induced gap quenching and the existence of
finite interchain interaction J’ in the real system. Applying the higher
external field, the transition temperature increases up to ~0.7K at 14T,
. showing a negative curvature with respect to the external field.

The heat capacity and the magneto-caloric effect measurements of the
single crystal UPts were carried out at low temperatures down to 0.2K,
under high magnetic field up to 2T and under high pressures up to 8.7kbar.
The heat capacity obeys T2 law both at ambient pressure and under high
pressures. Above P, ~3kbar, no evidence of the successive transition was
observed. By analyzing the data of magneto-caloric effect separately for
the reversible and the irreversible part, it clearly shows the existence of
the B-C phase transition and H. both at ambient pressure and under
high pressures at reached low temperature. An irreversible heat up was
observed just below Hy, which is attributed to the peak effect.

At higher temperatures and under lower magnetic fields, it is not able
to determine the B—C phase transition by means of the magneto-caloric
effect measurement because of the serious irreversible heating of UPts and
the H-T—P phase diagram is not determined yet.
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Part 1

Heat capacity under complex
extreme conditions



Chapter 1

General introduction

In recent years, the attention to complex extreme conditions is increasing. Its applications
as mighty tools to study the various aspects of condensed matter physics as well as the
peculiar phenomena there have been attempted. The heat capacity has an advantage since
its measurement technique is easy to be applied under extreme conditions. Moreover,
heat capacity is a very basic physical property and the most definite measure to confirm
the phase transition. Particularly, under very low temperatures, it gives useful information
about the low-lying excited states which play an important role on the quantum fluctuation.

In Part I, the fundamental procedures of the experimental technique are emphasized.

In Part II, the heat capacity of the Haldane-gap antiferromagnet Ni(CsH;4N2)2N3ClOy,
abbreviated as NDMAZ, under high fields is reported. Haldane-gap problem is the main
subject of a quantum spin chain system. In 1983, F.D.M.Haldane conjectured that one
dimensional linear chain Heisenberg antiferromagnet (1D-HAF') should have an energy gap
between the ground state singlet and the first excited states in case of an integer spin
quantum number, while the energy levels are gapless in case of a half integer spin [1]. He
reveals that the ground state of 1D-HAF differs from the quasi-classical one as before and
claims that the spin chain must be treated as a quantum many body system.

If Haldane-gap exists, three dimensional long-range order (3D-LRO) of the spin system
does not occur down to T=0K because of the non-magnetic ground state even though the
relatively smaller interchain interaction than the energy gap exists. However, under the
external fields, upper magnetic excited states mixes with the ground state at a certain
critical field H. and the possibility of 3D-LRO revives. The magnetic field effects of the
Haldane system are almost backward region from the theoretical point of view. Such a
field-induced ordered state is entirely unknown. Realizing 3D-LRO is interesting for the
competitive picture between the quantum spin fluctuation of one dimensional system and
the cooperative phenomena of three dimensional system.

Recently, Z.Honda et al. have reported the heat capacity of NDMAZ and presented a
sharp peak at around 0.6K under the fields of 12T [2]. This compound is a candidate for
proving the existance of 3D-LRO at low temperature by the gap-quenching because of the
absence of transverse staggered magnetic moments. In fact, the existence of finite gap under
application of the external magnetic field and the resulting absence of 3D-LRO in case of
Ni(CyHgN2)2NO,ClOy, abbreviated as NENP, is confirmed in the previous experiments {3].

Although the heat capacity measurement is the most direct way to detect the phase
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transition, a question about the technical problems remains. That is, the relaxation method
which they adopted is not suitable one to analyze the data obtained under such extreme
conditions of very low temperatures and high fields. Thus the verification is to be carried
out with the relatively more quantitative adiabatic method. Simultaneously, if 3D-LRO
exists, establishing the phase diagram and examining the ordered state, by means of the
most direct method of heat capacity measurement are the most important in the Haldane
gap problem.

Next, in Part III, results of the heat capacity measurements of the heavy fermion super-
conductor UPt; under high pressures and magnetic fields are reported. UPt3 is a convinced
candidate of the triplet superconductor. It presents a quite impressive superconducting
phase diagram, giving three distinct superconducting phases meeting at the tetracritical
point. It is considered that these multiple phases are ascribed to the internal degrees of
freedom of the triplet Cooper pair and its degeneracy is removed for some reason in UPts.

So far, what removes the degeneracy, the symmetry breaking field (SBF), has been
thought to be due to weak antiferromagnetic ordering (AF), which is observed by the
neutron scattering experiments at around 5K [58, 59]. Under high pressures of 3kbar, it
looks like that the multiple superconducting phases degenerate along with AF vanishes [60,-
61]. However, no other measurement detects AF, so the existence of AF is still controversial.

Furthermore, above the pressures where AF vanishes, M.Boukhny et al. carried out
ultrasonic velocity measurements under the uniaxial stress and claimed that there still
exist two distinct superconducting phases on the zero field plane in spite of the lack of SBF
[62]. On the other hand, M.Sieck et al. pointed out that their heat capacity experiments
under the hydrostatic pressures up to Tkbar show no succesive transition [64].

Although recent experimental and theoretical works have revealed the nature which is
more dynamically coupled to the superconducting order parameter, such discrepancies are
unresolved yet. Therefore, establishing the multiple phase diagram of UPt3 is to be carried
out with well characterized samples and under well qualified pressure conditions.



Chapter 2

Experimentals

In this chapter, the outline of the heat capacity measurement under multiple extreme
conditions is described. For further details, see descriptions in each Part.

2.1 Heat capacity measurements

2.1.1 Principles of heat capacity measurements

In Fig. 2.1, a specimen A is connected to the external system B by the thermal link, where
C(Cy) is the heat capacity and T(Ty) is the temperature of A(B). In case that Cj is much
larger than C, the external system may be regarded as a thermal bath. And then the
temperature of the specimen obeys an exponential decay, like;

T — Ty = const. exp (-tRCtO> . (2.1)

If R is known, or it can be measured, the heat capacity is measurable with the temper-
ature declination with time t. This technique is well-known as the relaxation method.
However, generally, the thermal impedance R is unknown, and it depends on the temper-
ature. Moreover, in case the multiple pathes of the heat flow exist, the thermal relaxation
process is getting more complicated. It is also noteworthy that the thermal relaxation
inside a specimen must be achieved in a short time duration because it overrides the relax-
ation curvature to the thermal bath. For the reasones mentioned above, the advantage of
this method is limited to the case of very small C.

On these experiments in this thesis, we employed the adiabatic method. This method
is performed under the high-R configuration, i.e. the time constant of the relaxation to
the thermal bath is infinitely long. In such a case, the system may be treated as a quasi
adiabatic system. If the whole energy supplied by a heat pulse (AQ) is spent to raise the
temperature of the system, the sample temperature should shift by a certain value AT,
giving by the following relation;

QL0 (2.2)

dl" — AT

This is the principle of the heat capacity measurement by the adiabatic method.

C =

S



A [C] |7

R

)07 Ts

B [Co]

Figure 2.1: Simple model of the thermal relaxation. (see text)

2.1.2 Measurement procedure

Fig. 2.2 shows block diagram of a measuring system. The procedure is as following;
A heat pulse is supplied by the Joule heating of the heater H,,4:,. The total amount of
heat in one pulse is calculated as;

AQ = InVuAt
= In°RyAt, (2.3)

where At is the width of a heat pulse, typically 10 seconds. The current I and the
voltage Vs are both measurable parameters . After a heat pulse, the temperature of the
system rises suddenly and then gradually approaches to the thermal equilibrium.

In a real system, however, there are non-negligible heat leaks, for example, radiation,
conduction through electrodes and so on. Assuming both a rather large thermal impedance
and an almost temperature independent heat leak, eq. (2.1) is transformed, like;
where @ is the heat leak to the thermal bath. This gives the linear temperature drifts.
Under low temperatures and quasi-adiabatic conditions, it is desirable to make @ negative
so as to cancell the temperature drift by the aid of additional heater Hyp.

The manner of the thermal relaxation depends on the measuring configuration, as shown
in Fig. 2.3. Temperature profiles just before and just after a heat pulse are fitted by linear
dependence. The temperature difference AT is evaluated by extrapolation of temperatures
from both sides at ¢ = 5“552 Thus the heat capacity of specimen is given by the definition
of C (eq. 2.2). A typical measurement is done within a time interval of the order of 100
sec.

Of course, this C is the total heat capacity, or the heat capacities of sample addenda
(heaters, Cu holders, a thermometer etc.) are included. The heat capacity of the sample
is obtained by subtracting those ”backgrounds”, which arc measured in a separate run.

INeedless to say, Ras is also measurable.
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Figure 2.3: Examples of the temperaure profile in various configurations. The heat pulse
is supplied between ¢; and ¢;. (a) The broken line is the ideal case. In the real system,
the heat leak to the thermal bath exists and the temperature profile shows a declination as
Q/C. (b) In case the nuclear magnetic heat capacity Cy is present, the temperature profile
shows an overshoot and, after the duration of the nuclear spin lattice relaxation time 77,
the system settles down to the thermal equilibium.



In our laboratory, these procedures are automated by a computer controlled measurement
system. Further details of the configuration of an automatic measurement system will be
appeared in Appendix A.

2.2 Heat capacity measurement under very low
temperature

2.2.1 Calibration of the thermometer

First of all, calibration of the thermometer is the most important for the measurement of
heat capacity. The calorimetry is nothing but the thermometry.

In our laboratory, the temperature calibration below 1K is performed by the measurement
of the susceptibility of 2Ce(NO3)3-3Mg(NO3)2-24H,0 (CMN) paramagnetic salt, which is
calibrated with NBS #768 fixed points. Additionaly, the resistance at fixed points are
measured for evaluation of calibration. '

Above 1K, calibrated Ge thermometer is used. If necessary, NBS #767 fixed points or
4He vapor pressure temperature scale are also available.

2.2.2 Heat switch

In general, the heat switch is the most principal part of the adiabatic method. Especially, at
the temperature range of the dilution refrigerator, its importance increases. In the present
study, a mechanical heat switch is employed, which is in common use at low temperatures.
It is easy to handle the switch and has high reliability, while its vibration accompanying
the switching on/off causes the heat up of the adiabatic system. Of course, the heat up
depends on the heat capacity of the system. However, sometimes it reaches up to 100mK
which becomes lower limit of the reached temperatures of the measurement.

The superconducting heat switch has also been used widely. Since finite R remains even
after turning off the switch, it is useful technique to measure the sample with rather large
heat capacity at very low temperatures. Trial use of a 5x2x0.1mm? In (99.99%) foil is
found to work well against a pressure cell made of Be-Cu with heat capacity of C/T" ~
10~*J/K2. In order to operate the switch, a superconducting solenoid with the coil constant
of 1.04 gauss/mA is used. The sweep rate is 0.5mA/sec and it takes about 10 minutes to
turn the switch on/off.

2.2.3 Heater

It is desirable that the resistance of the sample heater is temperature independent. In our
laboratory, a plate type metal filim resistor is employed as the heater, which has compact
shape and hardly depends on both the temperatire and the magnetic field.

The manganin wire is commonly used, too. However, it is noted that it shows a temper-
ature dependence below 1K, changing nearly by a few percent.

8
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Figure 2.4: Schematic drawing of the heat capacity measurement system under high mag-
netic fields up to 14T.

2.3 Heat capacity measurement under high mag-
netic field

The most bothering problem under high magnetic field is field dependence of the resistance
thermometer. In order to avoid it, a superconducting magnet with a field compensation coil
is used. The thermometer (mostly Ge or carbon resistor) is placed in the field compensated
area and connected to the center of the magnetic field with a Cu thermal link (1mm¢ and
about 30cm length), as shown in Fig. 2.4

Without the field compensation coil, a RuO, thermometer is employed and placed in the
same way described above. The thermometer is less dependent to the magentic field and
its sensitivity is % ~—4.6k2/K at 0.1K, which is comparable with that of Ge thermometer,
4 ~—10kQ/K.

It should be noted that the thermal impedance between the thermometer and the sample
holder is small enough for measurements. It can be confirmed by the heat pulse. Actually,
the temperature starts to increase within about one second after the heat pulse has turned
on.

In addition, heat capacity of nuclear spin system appears at lower temperatures. The
nucleus of Cu which is generally used as the sample addenda has nuclear spin moment.
Thus, it exhibits Schottky-type anomaly due to the Zeeman splitting under external fields.

9
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Figure 2.5: Schematic drawings of the piston-cylinder type self-clamping pressure cell.

For example, nuclear heat capacity reaches up to almost 50 times larger than the electronic
specific heat of Cu, at temperature of 0.1K and under magnetic field of 10T. Since nuclear
portion causes a reduction of measuring sensitivity, it is preferable that Au should be used,
which shows no nuclear spin contribution and relatively small magnetoresistance.

2.4 Heat capacity measurement under high pressure

2.4.1 Pressure cell

In the experiments under pressures, a conventional piston-cylinder type pressure cell is
used, which is shown in Fig. 2.5. In order to perform the sensitive measurement, the
pressure cell should be made as small as possible because its contribution to heat capacity
is nearly equal to the background.

The pressure cell is made of Be-Cu alloy. The total weight is 22g (#1) and it presents
the heat capacity of C/T = 4 x 1074(J/K?) below 1K, which is somewhat larger than that
of pure Cu. The total weight has been reduced down to 14g in case of the pressure cell #2.

2.4.2 Applying the pressure

The mixture of Fluorinert FC70:FC77 (1:1) is used as the pressure transmitting medium
in order to obtain hydrostatic pressures. The melting points are 248K for FC70 and 163K
for FC77 respectively. The volume of the pressure medium reduces at low temperatures
and it causes the pressure decreasing. Generally, it decreases about 3kbar lower than that
clamped at room temperature.

In the present study, two methods of the pressure sealing are employed [4]. The former is
shown in Fig. 2.6-(a). Pressure is simply sealed with Teflon disks which are made slightly
larger than i.d. of the cylinder. Anti-extrusion rings of Cu or cupro-nickel with soldered

10
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Figure 2.6: Schematic drawings of the pressure sealing. (see text)

surfaces are added to prevent leakage out of Teflon disks. This method highly depends on
performance of the disk.

The latter is rather similar to the conventional Teflon capsule method, as shown in
Fig. 2.6-(b). The lower side of the piston is processed for the Teflon capsule to be fixed
directly, what is so called the obturator, and an anti-extrusion ring is also added. The
capsule is carefully lathed under a microscope and its edge is especially sharpened by a
cutter. The whole part should be prepressed with rather viscous pressure medium before
the experiment 2. GE7031 varnish may help the initial application of the pressure.

2.4.3 Heat capacity measurement under high pressures

The measurement scheme is the same as that described in the former section, except the
heater. As the heater, manganin wires are directly wound on the pressure cell by means of
bifilar way.

At low temperatures, the pressure medium shows poor thermal conductivity. In order
to obtain a good thermal contact between a sample and the pressure cell, Ag powder is
packed in the sample space. It also has the aim to cancell the pressure decrement at low
temperatures. In typical case, for example, the weight of Ag powder is 33mg and the
packing factor is about 7.5%. Without Ag powder, the relaxation time constant reaches
up to 240 sec, while it is shortened down to about 60 sec.

2.4.4 Pressure calibration

Pressure at low temperatures is calibrated by the superconducting transition point 7} of
Sn, which is detected by means of ac susceptibility measurement. The pressure dependence

2The mixture of Fluorinert can be used.
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of T, of Sn is linear within the range of pressure reached by the piston-cylinder cell and
given by the following empirical formula;

T.(K) = 3.722 — 0.0447 x P(kbar). (2.5)

The pick-up coil (14mme¢, 33mm length) is located outside of the cell, consisting an
astatic pair of coil and each coil is about 1000 turns. It is able to detect the transition of
Sn (99.99%) of a 20 mg tip loaded in the pressure cell.

12
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Chapter 3

Introduction

The nature of the low dimensionality lies under its instability. This is realized when
quantum effects of the spin chain system , for example, Haldane gap and spin Pierls tran-
sition are taken into consideration.

3.1 Magnetism of low dimensional system

One dimensional Heisenberg antiferromagnet (1D-HAF) is expressed by the following
simple spin Hamiltonian;
H= —JLE S;-Siy1, (3.1)

where J is the intrachain coupling constant and J < 0 for antiferromagnet.

The eigen states of eq.(3.1) were given by the Bethe ansatz in case of S=1/2 [5].
L.Hulthén used them to obtain the exact values for the ground state energy of an S=1/2
linear chain Heisenberg antiferromagnet [6]. C.N.Yang and C.P.Yang proved exactly the
Bethe ansatz for the ground state of a finite chain [7]. Magnetization at zero temperature
was calculated by R.B.Griffiths [8].

J.C.Bonner and M.E.Fisher carried out the numerical calculations for several number of
spins up to N=11 and estimated the thermal and magnetic properties of an infinite chain
by extrapolation [9]. They showed that the energy level of the spin chain system is gapless
and no long range ordering occures down to T'=0K.

The low-lying excited states are explained by the spin wave theories proposed by
P.W.Anderson [10] and by R.Kubo [11] in 1952, and later exactly calculated for an
S=1/2 infinite chain by J.des Cloizeaux and J.J.Pearson [12], which give the relation
e(k) = w|J||sin k|.

In spite of these tremendous number of work, the study for S >1/2 was merely carried
out becausc of difficulties of the calculation and it was believed that the physical properties
arc independent with respect to the spin quantum number until Haldane’s conjecture comes
out.

Some of magnetic compounds containing ions of 3d transition metal, which have a low
dimensional path of the exchange interaction, have been extensively studied since 1960’s
so as to cxamine experimentaly the theories described above. Here we show some results
of "real” one dimensional magnets in Figs. 3.1, 3.2, 3.3 and 3.4.

15
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theoretical result [9]. Susceptibility shows a broad maximum due to short-range ordering
around T' = J/kg.
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Figure 3.5: Phase daiagram obtained with the Hamiltonian; H = > {—-2J(S7 l+1+SyS Yo+
AS?S% 1)+ DS?*}, where ST is the z-component of spin operator of the -th site, A is the
spin dimensionality parameter and D is the single ion anisotropy. The notations of phase
diagram are as follows; H: Haldane phase, S: disordered phase with the singlet ground
state and the large single ion anisotropy, N: Néel ordered phase, XY: gapless XY phase, F:
Ferromagnetic ordered phase. [20]

The most important thing is that these real system show three dimensional long range
ordering (3D-LRO) at low temperatures, as shown in Fig. 3.3, due to the existence of ex-
change interaction between chains J'. Temperature Ty which 3D-LRO occurs is estimated
by the molecular field approximation, giving;

]SJBTN ~ 252\/ JJ . (32)

3.2 Haldane gap system

3.2.1 Verification of the Haldane gap

In 1983, F.D.M.Haldane predicted {1] the existence of energy gap between the ground state
and the first excited statc and the cxponentially decaying correlation functions in case of
an integer spin chain, while a half integer spin chain has no energy gap and the correlation
function with power law decay, as mentioned above. Since then, great number of theoretical
and experimental studies have been carried out to verify Haldane’s conjecture.

Most of the theoretical works have accepted the Haldane’s conjecture. Some ca.lculatlons

18
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Figure 3.6: Phase diagram obtained with the Hamiltonian; H = 35,54, + DY 57% +
J'3.S;S;, where D is the single ion anisotropy and J' is the interchain exchange coupling
constant.

give the value of the energy gap, £, ~ 0.41|J] {17, 18]. Also the applications to the real
system, i.e. effects of the single ion anisotropy and the interchain interaction have been
studied [19, 20, 21], resulting the existence of the Haldane gap as shown in Figs. 3.5 and
3.6.

Simultaneously, many magnetic compounds which show gap-like behavior at low temper-
atures have been found. Some of them are summarized in Table 3.1. Most of all, NENP
(Ni(C2HgN3)aNO3ClO4) has been investigated by various techniques as a typical Haldane
gap antiferromagnet. Experimental aspects of NENP is presented in the following section.

3.3 Haldane gap antiferromagnet NENP

The crystal structure of NENP is shown in Fig. 3.7. The Ni%* ions are bridged by nitcrite
groups bounded on one side be the nitrogen atom and the other side by one of the oxygen
atoms.

The magnetic sysceptibility shows a broad maximum at about 60K, as shown in Fig. 3.8

INi(CyHgNy)aNO,ClO4
2Ni(03H10N2)2N02C104
3Ni(C3H10N2)2N30104
4Ni(CsH14N3)aN3ClO4
S(CH3)4NNi(NOj)3
8MIz=2-methylimidazole
"DMIz=1,2-dimethylimidazole
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[ J/ks (K)

[
|

[7/7] [ DJks (K) | Ey/ks (K) | Ref. |

NENP! -55 |4x10* ~12 19 see §3.3
NINO? -50 — ~ -14 13 24, 30]
NINAZ® ~~120 - ~ ~ 40 32] |
NDMAZ* -70.6 - - 21.6 see §3.5
TMNIN® -12 - ~ 0.03 5 (33, 34]
AgVP,Se -400 ~107° - 320 [37]
NiCy0,-2MIz8 -39.7 - - 20.3 [38]
NiCy0,-2DMIZ" | —42.9 - - 19 [38]
Y,BaNiO; -285 - - 100 (39]

Table 3.1: Magnetic parameters of Haldane gap antiferromagnets.
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(23], which is characteristic of 1D-HAF. As the temperature decreases further, however,
it abruptly decreases. This behavior (T' <5K) is ascribed to the existence of the Haldane
gap, giving by the following relation;

x(T) = x(0) + Cexp (—é——;) , (3.3)

with E,/kp=11K and 17K for respective field directions parallel and perpendicular to the
chain axis. In the high temperature region, the data are fitted by the theoretical curve with
J/kp=-47.5K and D ~12K [22]. Particularly, the susceptibility curves reveal no transition
to 3D-LRO within the temperature range down to T=1.5K, which imply that the electron
spin falls down to the non-magnetic ground state.

The direct observation of the Haldane gap is obtained by the inelastic neutron scattering
measurement (23, 25]. As shown in Fig. 3.9, the dispersion curves show the energy gap at
the zone boundary.

K.Katsumata et al. have performed the high field magnetization measurements and
obtained a clear evidence for the existence of the Haldane gap. [26] The magnetization is
very small in the low field region and begins to increase sharply at finite fields H!=8T and
HI=12T for the parallel and perpendicular directions with respect to the chain axis, as
shown in Fig. 3.10. This result has been interpreted as the existence of the Haldane gap
and the negative sign for the single ion anisotropy D’ in the excited state. For the external
field H applied along b-axis, the cnergy of onc of the excited triplet (S,=-1) decrease as;

!

D
=L - 1—3’1 — gust (3.4)
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where Eg — i—%ﬁ is the Haldane gap energy in zero external field and g is the g-value along
the chain axis. When H is directed perpendicular to the chain axis, the effective energy is
expressed as;

D

Dl
E= Eg + I—GJ - % (DIZ + 491_2[,L32H2) ) (35)

where g, is the g-value perpendicular to the chain axis. Putting the experimental values
for HI=8T, H+=12T, gj=2.15 and g, =2.22 into egs. (3.4) and (3.5), the values E,=17K
and D'=-16K are obtained.

The qualitatively same results have been also given by Y.Ajiro et al. [27]

3.4 Searching 3D-LRO under high magnetic fields

If the energy gap exists, 3D-LRO does not occur down to T=0K even though the inter-
chain interaction exists. However, the high field magnetizaion measurements revealed that
the Haldane gap may vanish at above H, and then the system becomes magnetic again.
Under such conditions, 3D-LRO may occur. In order to realize 3D-LRO, the heat capacity
measurements of the Haldane gap antiferromagnet under high magnetic fields have carried
out.

3.4.1 NENP

The heat capacity of NENP is shown in Fig. 3.11. Under zero magnetic field, it exhibits
an exponential decrement at lower temperatures. Approaching to H., the temperature
dependence of heat capactiy comes to resemble a gapless-like behavior, expressed by the
following relation;

C =~T+BT3. , (3.6)

The T linear term is ascribed to the magnetic excitation and T cube term is the contribution
from the lattice. Applying the external field above H,., however, a broad anomaly appears
and its peak moves to higher temperature for higher magnetic field. No sharp peak due
to 3D-LRO has been observed. By analyzing the data with Schottky type anomaly of the
simple two levels, which is given by;

A N2 A

it is found that the cnergy gap still cxists at H, and opens again with increasing ficld, as
shown in Fig. 3.12, though our results well reproduce the anisotropic behavior observed in
the high field magnetization measurement. The absence of 3D-LRO at and above H, may
be caused by the remaining energy gap.

T.Sakai and H.Shiba [28] cxplained this characteristic ficld dependence of the gap on
NENP by the existence of the transvers staggered field obscrved in *H-NMR measurements
[29]. The staggered tilting of the principal axes of the g-tensor causes the staggered moment,
as shown in Fig. 3.13. Then, our interest moves on the other Haldance gap antiferromagnet.
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the satellite line. No singularity appears at B,. [29]

Figure 3.14: Crystal structurc of TMNIN.
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Figure 3.15: Heat capacities of polycrystalline sample of TMNIN under magnetic fields up
to TT. [36]

- 3.4.2 Other Haldane gap antiferromagnets

(CH3)4NNi(NOy)3 (TMNIN) is the most interesting candidate because of the crystallo-
graphically expected absence of the staggered tilting of Ni** sites, as shown in Fig. 3.14.
Unfortunately, the single crystal of this compond has not been obtained yet, so the heat
capacity of the polycrystalline sample of TMNIN was measured [36]. As seen in Figs. 3.15
and 3.16, the results are qualitatively the same as that of NENP. No 3D-LRO is observed
with in our experimental range and the energy gap remains at and above H, ~3T though
the appearance of the staggered moment is not confirmed.

On the other hand, the structure of Ni(C3H;9N2)sNO,ClO4 (NINOQ) is similar to that
of NENP, as shown in Fig. 3.17. The staggered tilting of the principal axis of g-tensor is
present as well and our preliminary result of *H-NMR measurement showed the appearance
of the staggered field 0.84y; at 4.2k and 10.3T [31]. The heat capacitics of a single crystal
of NINO undcr the ficlds up to 13T is shown in Fig. 3.18. The result is qualitatively
the same as that of NENP, as shown in Fig. 3.19. The encrgy gap remains at and above
H_. ~8T and no 3D-LRO is observed.

In summary, the relation between the appearance of the staggered moment and the
remaining cnergy gap above H. is still not clear. However, whenever the staggered moment
is present, it causes the energy gap above H,.. Therefore, the investigation of other Haldane
gap antifcrromagnet which does not show the appearance of the staggered field is to be
carried out in order to realize 3D-LRO under the high magnetic field.

28



oT.C.Kobayashi et al. |

s Mltoetal. -

- H.Deguchi et al.
I T
Magnetic Field (T)

Figure 3.16: Field dependence of the energy gap Ey/kp. The solid line is drawn by By —
gppH with the experimental values of the susceptibility measurement. [35, 36

Figurc 3.17: Crystal structurc of NINO.
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Figure 3.18: Heat capacities of a single crystal of NINO for the field applied parallel to the
chain axis up to 13T. [31]
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3.5 Haldane gap antiferromagnet NDMAZ

3.5.1 Crystal structure

The crystal structure of NDMAZ is monoclinic and the lattice constants are a=18.8604A,
b=8.152A, c=6.098Aand 3=98.27° at room temperature [40]. The structure consists of
Ni%* chains along the crystal c axis and each Ni?* is bridged by N3, as shown in Fig. 3.20.
Two 2,2-dimetyl-1,3-diaminopropane (dmpn) groups are connected with covalent bonding
to a nickel ion and stacking along the crystal a axis with those of the adjacent chain. ClOy
anions separate each chain.

It is noteworthy that all Ni?* sites are crystallographycally equivalent, while NENP has
two inequivalent Ni** sites due to the bridging of NO;. Thus, it is expected that the
transverse staggered moment in case of NDMAZ is not induced under external fields, as
shown in Fig. 3.21.

3.5.2 Magnetic properties

The magnetic susceptibilities of the single crystal of NDMAZ [2] are shown in Fig. 3.22.
Though the data exhibit some anisotropy, still they give qualitatively the same results as
those of NENP. The data show a broad peak at around 90K and exponentially decreases
with lowering temperatures as given by eq. (3.3). The inset suggests rather large field
dependence of Haldane gap along with the chain axis than that perpendicular to the chain,
as is seen in case of NENP.

Previously, T.Takeuchi et al. have reported the magnetic susceptibility of the poly-
crystalline sample of NDMAZ [41] and fit the data to the theoretically calculated one with
the parameters of g=2.21, J/kg=-70.6K. They also estimated the magnitude of Haldane
gap by fitting with eq. (3.3) and gave the value of E,/kp=22K. The authors have also
presented the high-field magnetization process under maguetic fields up to 30T, as shown
in Fig. 3.23. The field dependence of magnetization shows that the critical field H. is at
around 147T.

The results of the nuclear magnetic resonance measurement by S.Satoh and coworkers
[42] are shown in Fig. 3.24. The shifts at higher temperature are attributed to the uniform
magnetization of chains. The staggered field was not observed on NDMAZ under extcrnal
fields up to 4T. The absence of the staggered moment implies that the possibility of 3D-
LRO under high magnetic fields still remains.

Some parameters of NDMAZ are summarized in Table 3.2.

3.5.3 Previous study by RIKEN group

Before showing our result, we examine the heat capacity measurement of NDMAZ per-
formed by RIKEN group. The results are shown in Fig. 3.25. The remarkable peak at
around 0.6K under magnctic ficld of 12T is observed and they clucidated it as the occurence
of 3D-LRO. The measurement were performed by means of the rclaxation method.
However, the values of heat capacity below 0.6K are less than the caluculated 'H nuclear
spins portion. It is clear that they do not observe the whole amount of heat capacity of the
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Figure 3.20: The crystal structure of NDMAZ.
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Figure 3.21: Schematic view of tﬁe structural difference between NENP and NDMAZ.
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Figure 3.22: Temperature dependence of susceptibility along the crystal a, b and c axes of
a single crystal sample of NDMAZ. The inset shows the low temperature part. [2]
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Figure 3.23: High field magnetization process of polycrystalline NDMAZ at 4.2K. [41]
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Figure 3.24: Resonance spectrum of 'H in NDMAZ at f=170MHz [42]. The shift at higher
temperature is attributed to the uniform magnetization of chains. No sign of the staggered
moment is obscrved.
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molecular weight M = 404.2
" lattice constants a = 18860 A
(monoclinic) b 8.152 A
c 6.098 A
g = 98.27°
exchange constant | J/kg = -70.6K
energy gap | Eg/ks = 21.6K
critical field H, ~ 14T

Table 3.2: Lattice and physical constants of NDMAZ.
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Figure 3.25: Magnctic heat capacity of NDMAZ under magnetic fields parallcl to ¢ axis up
to 12T [2]. The dotted line is the calculated nuclear magnetic contribution of 'H under the

magnetic field of 12T.

2
T (K)

35




0.10 1 T 1 I T : . :
- 13T 1
. - 10T
.08~ , g
— v 75T
X 0.06 7T
O ’ ™
£ 61
~
-2
O 0.04
0.02
0.00

0.0

Figure 3.26: An apparent peak of heat capacity of NENP. (see text) The dashed line is the.
calculated nuclear magnetic contribution of 'H under the magnetic field of 13T.

sample. Under high fields and at low temperatures, the nuclear spin show a considerably
small thermal relaxation rate and it causes that the measurement evaluates the partially
relaxed state, as seen in case of NENP [3]. (Fig. 3.26) That is to say, the relaxation
exceeding the limit of the calorimeter is ignored and it results in an apparent peak.

Related with this, the authors analyzed data of the relaxation profile at T=0.5K, sup-
posing two components of the thermal relaxation. They claimed that the measurement
were done under the conditions that the nuclear spin system is thermaly isolated. They
also pointed out that the change of heat capacity between H=11.8T and 12T is hardly
explained by the change of the nuclear spin portion.

In Haldane gap system, however, the relaxation time constant may drastically change
with approaching to the critical field H,. If 3D-LRO occurs, it should become comparable
to that of the electron spin system. Additionally, by the reasons stated in Chapter 2, the
relaxation method is not suite for the measurement under such condition that the nuclear
magnetic contribution is present. This obscurity must be solved by measuring heat capacity
including the nuclear spin system by means of the adiabatic method.
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Chapter 4

Experimentals

4.1 Sample preparation

Single crystals of NDMAZ were synthesized for the first time and supplied by M.Yamashita
et al. of Graduate School of Human Information, Nagoya University [40]. The compounds
are obtained by mixing of [Ni 2,2-dimethylpropylenediamine](ClO4), and NaNj3 in aqueous
solutions. Rectangular plate shaped single crystals (typical dimensions; 2x0.5x4mm?) are
obtained by slow evaporation.

Diffraction data were collected at room temperature on a four-circle diffractometer
(Rigaku AFC-5R) with a rotating anode generator and Mo Ko radiation (A=0.71069A)
monochromated by a graphite plate.

The chain axis is along with the long axis of single crystal.

4.2 Heat capacity measurement

Experiments were performed with a hand-made ®He/*He dilution refrigerator (DR) as-
sembled with a superconducting magnet (Oxford Instruments). The magnet generates a
magnetic field of 12T@4.2K and 14T@2.2K, respectively. In the early stage, experiments
were performed with another DR, (Oxford Instruments) assembled with a 13T magnet (IGC),
which has a field compensation coil.

On both cases, measurements were performed by means of the conventional heat pulse
method with a mechanical heat switch. Further details of the measuring scheme arc de-
scribed in Chapter 2. 86mg of single crystals are attached to Cu plate with Apiezon-N
grease for the thermal contact and c-axis is aligned along the field direction.

4.3 Magnetization measurement
The magnctization measurement was carried out by the usc of the capacitance load cell.
This method has many advantages on measuring under very low tcmperatures and high

magnetic fields. In this section, the principle is briefly described.
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Figure 4.1: Principle of the magnetization measurement in use of the capacitance load cell.

4.3.1 Principle of the measurement

Our measurement system is based on that developed in Sakakibara laboratory, Hokkaido
university. The outline of the measurement system is described in Ref.[43].

Under the existance of the magnetic field gradient, the sample experiences the force F
in propotional to the magnetization M, given by;

dH .
F=M— 4.

and moves from the ballanced position by Ad, as shown in Fig. 4.1. The displacement Ad
is able to be known through the change of the capacitance C from the relation,

c== (4.2)

Ad=eS (1 - -1—) , (4.3)

where € is permittivity, S is the surface area of the capacitor and Cy is capacitance at the
ballanced position.

4.3.2 Experimental details

On our system, the most different point from that of Sakakibara laboraory is that we use
the inhomogenity of the magnet (1073/cm DSV), while they employs the additional coil
for the ficld gradient. The load cell is placed at about 4cm upper position from the center
of the magnet, where the magnitude of the field gradient is about 1200gauss/cm@12T. As
the scnsitivity increases with the central field value, the load cell has higher sensitivity for
higher magnetic field.

Block diagram of thc magnetization mcasurcment system is shown in Fig. 4.2. Ca-
pacitance of the load cell is measured by an auto ballancing capacitance bridge Andeen-
Hagerling 2500A, which has high resolution of 5 X 10~7pF and high stability on temperature
of 0.1ppm/°C.
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Figure 4.2: Block diagram of the magnetization measurement system

Movable side of the capaitor is made of epoxy resin (Stycast #1266) and suspended by
the wires of phosphor bronze which act as the spring. The diameter of the electrode is
2.2cm and its surface is painted with silver paste. At room temperature, the capacitance
is typically ~4pF and the spring constant is approximately 5 x 10~®mm/gw. Of course,
these values are dependent with temperature, so the calibration for both magnetic field
and sensitivity must be performed at low temperature.

Stacked Cu foils are used in order to obtain thermal contact between the sample and the
mixing chamber of DR where a RuO; thermometer is placed.
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Chapter 5

Results and discussions

5.1 Heat capacity

In Fig. 5.1, the heat capacity data of the single crystal of NDMAZ obtained within our
experimental range of the temperatures down to 0.2K and the magnetic fields up to 14T is
* shown by C/T — T plot. The background including the nuclear magnetic contribution of
Cu, which is used as the addenda, is subtracted by the separate run. In the present study,
the external field is applied along the crystal ¢ axis for which the lowest transition field is
expected.

Field dependence is seen below 4K and the broad anomaly at around 3K slightly moves to
lower temperatures with applying the external field from 0T to 9T, which is ascribed to the
field dependence of the energy gap. Above 4K, a roughly estimation with eq. (3.6) gives
the lattice contribution 8T3 with the value of 8=0.022(J/K3mol), which is comparable
with that of NENP, $=0.0053(J/K®mol). To obtain the magnetic heat capacity Cy,, the
lattice contribution should be subtracted from the total heat capacity C. However, its
contribution is negligibly small below 1K, so that we may use C in the following analysis.
It should be noted that heat capacity under zero external field is larger than those under
the fields of 5 and 9T. That implies the existence of the paramagnetic portion, which may
be attributed to the paramagnetic impurities and/or the degree of freedom of chain-end
spins as seen in case of NENP. Anyhow, it is sufficiently saturated under the magnetic
fields of 5T.

The heat capacity below 1K is enlarged in Fig. 5.2. It is remarkable that the field
dependence is seen at around 0.6K. We consider that up-turn of the heat capacity at lower
temperatures originates from the nuclear magnetic heat capacity of the protons which are
contained in NDMAZ. and gives the Schottky type anomaly due to the Zeeman spilitting of
the nuclear spin moment of the proton. Thus the heat capacity of the clectron spin system
is obtained by subtracting the nuclcar magnetic portion from the total heat capacity. By
the higher temperature approximation, the anomaly is given by;

R 4

where A = unH/kp = 2.043 x 1073(K/T) x H, we have shown the calculated contribution
of the nucelar spin system at H=13T in Fig. 5.2 by the solid line. It is clear that our results

¢_1 @)2 (‘H-atom™"), | (5.1)
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Figure 5.1: Heat capacity of the single crystal of NDMAZ by C/T — T plot within our
experimental range of the temperatures down to 0.2K and the magnetic fields up to 14T.

The magnetic ficld is applied along the crystal ¢ axis in the present study for which the
lowest transition ficld is cxpected.
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Figure 5.2: Heat capacity of NDMAZ below 1K and above 13T by C — T plot. The solid
line is the calculated nuclear magncetic contribution of 'H at H=13T.
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Figure 5.3: Heat capacity of NDMAZ below 1K and above 13T by CT?/H? — T plot. The
broken line is the expected nuclear magnetic portion of the proton.

are larger than the expected nuclear magnetic portion of the proton at the whole range of
the temperature. In order to clarify the dicussion, we plot the result by CT%/H* — T plot
in Fig. 5.3. It is noticeable that the heat capacity at lower temperatures can be scaled by
H?/T?. This fact suggests that the difference between the result and the expected nuclear
magnetic contribution of the proton may be attributed to the nuclear magnetic one of the
other nuclear specics than the proton. It is difficult to be explained by the mis-subtraction
of the nuclear magnetic contribution of the copper contained in the addenda becausc of the
coincidence with the earlicr result by another calorimeter. We will discuss this discrepancy
later.

By subtracting the contribution obeying H?/T? law, it is clearly seen that a sharp pcak
appears at around 0.5K. The pcak moves to higher temperature with increasing the mag-
netic field up to 14T, as shown in Fig. 5.4. The heat capacity at higher temperature obeys
T-linear law, which is expected by the spin wave theory. Although the reduced cocfficient
of temperaturc ,,=9.3, which is geven by the formula C/R = v, k3T /|J| with the exper-
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clarify the subsequent runs, each data are shifted by 0.15J/molK*.
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Figure 5.5: Heat capacity of the electron spin system of NDMAZ by C/T — T plot in the
vicinity of H=13T. The solid lines are guides to the eye.

imental value of J/kp=-70.6K, is considerably larger than that of NENP, v,,=0.26, the
evaluation of the entropy change AS=0.05(J/Kmol) is roughly equal to the rest of the
entropy. Therefore, we consider that the peak is ascribed to 3D-LRO of the clectron spin
system. '

The heat capacity under the relatively low magnetic field is shown in Fig. 5.5. In spite of
the scattering of the data, the sharp peak is seen under the magnetic field of 13.1T. However,
with decreasing the external field, the peak disappears abruptly. Under the magnetic field of
12.8T, no anomaly other than the steep drop of the heat capacity is observed, suggesting
the cxistence of the cnergy gap. Of course, there exits the possibility that the thermal
relaxation timc constant exceeds the limit of the calorimeter. It is, however, noteworthy
that the hecat capacity at around 0.5K docs not vary with respect to the external ficld
between 13.0 and 13.17T. It is considered that the short range ordering (SRO) devclops
in this temperaturc range but the rest of the entropy is gradually removed, reflecting the
cnergy gap, in case of H=13.0T. Thus we may conclude that the lower cnd of the phase
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Figure 5.6: High field magnetizaion process of the single crystal of NDMAZ at various
temperatures and under the static magnetic field.

boundary exists between 13.0 and 13.1T

5.2 Magnetization

In order to obtain the supporting evidence for the result of heat capacity, we carried out
the magnctization measurement. The results are shown in Fig. 5.6. Unfortunately, the
magnctometer is still uncalibrated, so that the magnetization is normalized with the value
at H=11T and the magnetic field is estimated by the use of the field profiles at H=12T.
The swecep rate of magnetic field is 0.1T per minute.

The magnetization appears suddenly and increases almost linearly above about 12T, as
previously reported by use of the pulsed magnetic ficld [41]. It is remarkable that the mag-
netization at the lowest temperature of 0.20K appears with steeper derivative with respect
to field and with a negative curvature above H=12.5T. With increasing temperature, the
magnetization is found to increasc with initialy a negative and then a positive curvature.
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Figure 5.7: Derivative of the magnetization with respect to H. Arrows indicate the maxima
of the derivative curve at various temperatures. The solid lines are guides to the eye.

The inflection point moves to higher magnetic field and becomes somewhat broadened. At
the temperature of 1.40K, it clearly shows a positive curvature.

To clarify the data, the magnetization curves are numericaly differentiated with respect
to H, as shown in 5.7. In spite of the scattering of the data, the derivative curves at lower
temperatures than 0.70K show the maximum value while those at higher temperature
than 0.70K monotonically increase within our experimental range. The maximum of the
derivative curve clearly moves to higher magnetic field with increasing temperature.

In general, such a peak may be observed at the lowest temperature limit in Haldane gap
antiferromagnet, as scen in case of NENP [26, 27]. Additionally, several theoretical works
(45, 46, 47, 48] suggest the divergence of the ficld derivative at H.. Though no theory at the
finite temperature is available, the temperature dependence of the peak which we observed
is hardly explained as the shift caused by simple thermal effect. Moreover, the diffcrence
of the curvature below and above T=0.70K is remarkable. We consider that it suggest the
spin-flopping duc to field-induced 3D-LRO.
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Figure 5.8: Phase diagram of the field-induced 3D-LRO of NDMAZ under the magnetic
field applied along with ¢ crystal axis. Open circles and closed circles are corresponding
to the peak of heat capacity and the point of inflexion of magnetization, respectively. The
broken line is guide to the eye.

5.3 Discussion

The phase diagram obtained in the present study is shown in Fig. 5.8, where open circles
and closed circles are corresponding to the peak of heat capacity and the inflection point
of magnetization, respectively. Taking the fact that the magnetization curve at T'=0.70K
shows no inflexion point with respect to the magentic field up to H=13.6T, into con-
sideration, the results of high field magnetization support the field dependence of phase
boundary of 3D-LRO obtained by heat capacity measurements. Deviation between these
two measurcments is surprisingly small and we consider that it may be mainly caused by
the uncertaintity of the field calibration of the magnetization measurement. Or, in general,
the spin systems with the cnergy gap quenching often show the adiabatic magnetization
cooling in the imperfect isothermal case. It causes rather high transition temperature than
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the real temperature of the spin system.

It is noteworthy that the ordered phase still exists under the field up to 14T. Theo-
retically, T.Sakai and M.Takahashi showed the possibility of 3D-LRO of the quasi one
dimensional Haldane gap antiferromagnet by calculating the staggered susceptibility at
the thermodynamical limit [46]. Assuming the molecular field approximation, 3D-LRO
may exist in the range of the external field from just below H, to the saturation field. This
result supports our data.

In comparison with the previous work of RIKEN group, the transition (7'=0.6K, H=12T)
they argued is definitely far from the phase boundary which we obtained in spite of the
necessary field calibration. The fact that their data at around the field where an anomaly
is seen do not show T linear dependence, strongly implies that the separation between the
electron spin system and the nuclear spin system is incomplete.

Now we consider the rest part of the heat capacity. As described before, the heat capacity
shows a difference from the expected nucear magnetic part of the proton at very low
temperatures. Since it is scaled by H?/T?, we can not attribute it to the splitting due
to the nuclear quadrupole moment of, such as *N (I=1), *Cl (I=2) and 37Cl (I=3).
The possibility of the internal field due to 3D-LRO also seems to be negative because the
difference still remains even under the magnetic field less than 13T, where no sharp peak
is observed.

The gyromagnetic ratios of the other nuclei than the proton are one order smaller than
that of the proton. Moreover, the number contained in the sample per mole is less than
that of the proton. For example, an estimation for the *N nuclei gives three order smaller
value than the rest contribution. If we assume the transfered hyperfine coupling at N
nucleus site, the enhancement is roughly 14 times as large as the external field. The origin
is still unknown.

The recent result of magnetization process of the single crystal of NDMAZ under pulsed
magnetic field is shown in Fig. 5.9. The obtained magnetization process gives qualitatively
the same behavior as that of NENP [27] and suggests the existence of H, at about 15T. It is
noteworthy that the result at T'=1.4K shows a negative curvature just above H.. Though
it is not clear if the inflection point arises from H. or 3D-LRO, the possibility of 3D-LRO
seems to be negative because the magnetization curves above H, show no difference between
T=1.4K and T=4.2K. We emphasize that the singularity is not seen at around 13T where
we observed an abrupt increasing of magnetization at the reached lowest temperature.

Though 3D-LRO of Haldane gap antiferromagnet is realized, the picture of the ordered
phase is still unknown. Further experimental, as well as theoretical, investigation of the
ordered phase is required.

5.4 Summary

We have observed 3D-LRO of the Haldane gap antiferromagnet NDMAZ under the mag-
netic field H ~13T applied parallel to the crystal ¢ axis and at temperature of T' ~0.3K
by means of the heat capacity and the magnetization measurement. Applying the higher
external field, the transition temperature increaces up to ~0.7K at147T, showing a negative
curvature with respect to the external field.
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It is considered that the crystallographcally equivalent Ni** site is crucial for realizing
3D-LRO due to the gap-quenching in comparison with the previous result of other Haldane
gap antiferromagnet, such as NENP.
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Chapter 6

Introduction

UPt3 is the most fascinating heavy fermion superconductor (HFS) for its impressively
complex phase diagram of the superconducting state, as shown in Fig. 6.2. In this chapter,
the previous works on UPt3 are reviewed.

6.1 Heavy fermion superconductor

HFS has been attracted much attention as the main street of investigating the uncon-
ventional superconductor. It is characterized by the anisotropic superconducting energy
gap and its physical quantities obey power law of temperature, while the conventional i.e.
BCS-type superconductor has the isotropic energy gap and therefore shows an exponential
behavior below T.

So far, six HFSs (CeCu,Siz, UPt3, UBejs, URu,Siz, UNigAly, UPd;Alg) have been re-
ported. Since many of them take along the magnetic ordering, it is natural to consider
that those superconductivity have relation with the magnetic fluctuation on the basis of the
strongly correlated electrons. Relating to this, some Ce-compounds (CeCuyGez, CePd;Sis,
CeRh,Siy, Celng) are reported to show the superconductivity after supression of the anti-
ferromagnetic ordering under high pressures.

6.2 Previous work on UPt;

The crystal structure of UPt;3 is shown in Fig. 6.1. The MgCds-type close-packed hexagonal
structure belongs to the space group P63/mmc. Hereafter, we denote the three crystal axes,
respectively (1120) as the crystal a axis, (1010) as the crystal b axis and (0001) as the crystal
¢ axis. The lattice constants arc a=5.764A, c=4.899Aand ¢/a=0.850.

In Fig. 6.2, the multiple phase diagram of UPt; determined by the thermal cxpansion
and the magnetostriction measurement [49] is shown. The same result is obtained from
the ultrasonic velocity (50, 52| and the hcat capacity [51]. It shows that thrce distinct
superconducting phases (A,B and C) meet at tctracritical point for both directions paraliel
and perpendicular to the crystal ¢ axis.

Thermal properties of superconductivity are investigated by various experiments [53, 54,
55, 56, 57]. All results show a power law behavior at low temperatures, suggeting the
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Figure 6.2: Multiple phasc diagram of UPt, obtained from the thermal cxpansion and the
magnetostriction measurement [49).
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Figure 6.3: Heat capacity of UPt3 in the vicinity of the superconductive transition by
C/T — T plot for various pressures. [60]

unconventional superconducting state of UPts.

Applying high pressures, the successive transition under zero external field merges into
one [60], as shown in Fig. 6.3. The pressure dependence is alomost linear and the critical
pressure P, where the tetracritical point lies on the zero field plain, is estimated as ~3kbar.
On the other hand, it has been reported that the weak antiferromagnetic ordering (AF),
Tn ~5K, which is observed by neutron scattering measurement shown in Fig. 6.4 [58, 59],
vanishes under hydrostatic pressures of about 3kbar [61]. (6.5) Therefore, it was considered
that AF couples with the superconducting order parameter. However, no other experiment
has observed the appearance of AF. As shown in Fig. 6.6, no significant difference of the
195pt Knight shift is seen above and below Ty [68]. This fact strongly suggests that the
magnetic ordering is not static onc as before considered.

Above F,, the agreement of the experimental result is not obtained. M.Boukhny et al
argued that T, split again above P, by their ultrasonic velocity measurcment under uniaxial
stress [62], as shown in Fig. 6.7. On the other hand, M.Sieck et al. showed that no splitting
is secn on their thermometric measurement under hydrostatic pressure [64], as shown in
Fig. 6.8. It is the remaining problem if the disagrecment between these experiments is
caused by the diffcrence of the experimental technique, or by the quality of pressure, or
simply by the sample dependence.
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Figurc 6.5: (a) Pressure dependences of the integrated intensity of the magnetic peak
which means M? and (b) the Nécl temperature. (c) Upper and lower critical temperature

T T T T T T T T
(@) E; =5.1meV|(b) E,:L.L;leev
. 8K oT=14K
i ol=1 - @ Tz15 ;
- T-30K ] 00
_Ogo 4 300
5 | P=b o200
:—-“a"-'“".;‘-*’—.;.—.—.*—r'—:r "§_ &y, 100
1 1 I ! T'.x
-1.0  -05 0 0.5 1.0 0.49 0.51
h h

g 4 T T T T T
5 600 ) T=18K {a)
'g + M “(]Pc -p) u
3 400 / ® Q- (051,00 |
3 S 0 Q= (05,0, 1)
] 4
& 200 J
é - /Moc (pc —p)a A
3 o+
® ]
8 - __ 4
< E-+ 4-4
[l TN 7
4r .
7 P
T
‘ () ]
0.5 /Tc+ ¢ Heat Capacity -
(Trappmann et al)
go.«zs,%ﬂ\ g
- -~ .-
04 \Tc_ \ .
0.35[ .
3. 1 1 j ] 1 1 1

determined from low tcmperature specific heat. (60, 61]

58

INTENSITY {cts/16 min)



.........

20 30 40
Temperature (K)

0 h e — T S B N R S

100 200 300
Temperature (K)

Figure 6.6: '*Pt-NMR Knight shift as the function of temperature along the crystal ¢ and

a axes. Insets show the lower temperature side. No singularity is found at around expected
Ty ~5K. [68]

59



Temperature (mK) 450 ‘ 4

Figure 6.7: H-T—-P phase diagram of UPt3 for H L ¢ and uniaxial stress P || ¢ determined
by the longitudinal sound velocity variation [62].

Figure 6.8: H-T-P phase diagram of UPt3 for H L ¢ and hydrostatic pressure determined
by specific heat and magneto-caloric cffect [64].
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Chapter 7

Experimentals

7.1 Sample preparation

Single crystals of UPt3 used in the present study are prepared in Onuki laboratory, Fac.
of Science, Osaka University [67]. An U-rod as the starting materials is pre-refined before
growing UPt3, by means of the solid state electrotransport method (SSE) and the zone
melting method (ZM). The single crystal of UPt; is grown by the Czochralski pulling
method (CZ) in the tetra-arc furnace. After the ingot of the single crystal is obtained, it
is annealed for 7 days at 1200°C by SSE.

We employed four samples, denoted as #3S, #4, #6 and #18. Each sample is cut from
the ingot by an electrode spark cutter after determined crystaline directions by the X-ray
Laue method. Characterization by means of electrical resistivity is also carried out by
N.Kimura [67]. Some characteristic parameters are summarized in Table 7.1. All samples
present quite high quality.

It is noteworthy that the sample #3S and #4 are cut from the same batch which is
used in NMR experiments at Osaka University (68, 69] and in magnetization experiments
at Hokkaido University {70, 71, 72]. The sample #18 is cut from the ingot after using in
necutron scattering measurements at Japan Atomic Energy Research Institute {73}, which
show the weak antiferromagnetic ordering at around 5K.

- Electrical resistivity (J || ¢)*
m(g) | po(pf2 - cm) RRR Remarks
#3S || 0.152 0.235 511 cubic (2% 2% 2mm3)
#4 0328 0.222 540 cylindrical  (3mmgx2.5mm) |
#6 | 1.050 0.174 689 cylindrical ~ (3mm¢x10mm)
| #18] 0768 |  0.217 553 rectangular  (2x2x10mm®) |

2The values of electrical resistivity are quoted from Ref. [67]

Table 7.1: Characteristic parameters of single crystals of UPt3
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7.2 Heat capacity measurement

Experiments were performed with 3He/“He dilution refrigerator made by Oxford instru-
ments, on which either a 2T hand-made superconducting magnet or a 8T magnet could
be assembled . The outline of the heat capacity measurement is described in Chapter 2.
Measurements at ambient pressure were carried out in the range of temperatures down to
90mK and magnetic fields up to 3T. Under pressures up to 8kbar, measurements were done
in the range of temperatures down to 200mK and magnetic fields up to 2T.

It is generally said that U-compound exhibits self-heating due to the radio activity; given
by 1,

Q ~ 6uW /mol. (7.1)

Though it produces a constant heat leak of nearly 10nW, it has no significance on measure-
ments within our experimental range.

7.3 Magneto-caloric effect

Measurements of the magneto-caloric effect were carried out both at ambient pressure and
under high pressures. This section is devoted to the experimental scheme of the magneto-
caloric effect measurement.

7.8.1 Principle of the magneto-caloric effect

In an adiabatic system, if external field shifts by AH, the temperature change AT is
expressed by the following thermodynamic relations;

ar _(or\ (&),
E“<6—H>S - —(g:g’)ﬁ

T (85
= & <55)T' (7.2)

The case of (%?,)T < 0 is well-known as the adiabatic demagnetization cooling method of

the paramagnetic spin system, giving ﬁ—,T,— > 0.

In case of superconductor, (g%)'r is positive because the superconducting energy gap

is suppressed by external magnetic field. Thus, 2% reflects the field dependence of the
gap and gives evidence of phase transition between the multiple superconducting phases of

UPt3, as reported by B.Bogenberger et al. [63].

7.3.2 Measurement procedures

The measurement is performed by the use of the same system for the heat capacity measure-
ment. In a conventional way, continuous sweep of magnetic ficld yeilds temperature devi-
ation, which is continuously recorded against field, under an adiabatic condition. However,

1Of course, the amount highly depends on sample and should be evaluated on each sample.
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Figure 7.1: Examples of the magneto-caloric effect measurement in case of (B%S;)T < 0.
(see text)

quantitative analysis is available by means of field sweeping by a step. It can be also ap-
plied to the system which has relatively long relaxation time constant, such a sample as in
the pressure cell. The procedure of the measurement is quite similar to that of the heat
capacity measurement, as follows;

1. Achieve a quasi adiabatic condition by heating of the additional heater.
2. Increase or decrease the magnetic field by a AH.

3. After the field sweep, temperature of the system move to upper or lower side of the
equilibrium temperature, and then gradually drifts to the thermal equilibrium by the
same manner in case of the heat capacity measurement.

4. Evaluate the temperature difference AT by extrapolations of temperature profiles
before and after the field sweep, as shown in Fig. 7.1.

Measured AT includes both of the reversible and the irreversible temperature deviation
to magnetic field. For example, heating by eddy current is the irreversible one. Each
contribution can be separated from another by measuring both process on increment and
dccrement in the same interval of field. Denoting as ATy for AH > 0 and AT- for AH < 0,
then each part is given as following;

reversible part:  —————- (7.3)

irreversible part: —————. (7.4)
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Furthermore, the contribution from the background can be subtracted though it is a
little complicated;

oS a5 as oS
as = {@“d[f’f‘ é?r‘dT}sample + {E-H“‘dH—f— zﬁ;dT}BG =0

(AT LT[ 0 -
AH meas B Csample + CBG aHsample OH BG ' '

It should be noted that the field dependence of heat capacity is required [74].

In Fig. 7.2, we show some properties of the reversible and the irreversible part of
magneto-caloric effect of the pressure cell #1 (see Section 2.4.1) as examples. The re-
versible behaviors can be about completely explained by eq. (7.2). On the other hand, the
irreversible heating is considered to arise from the Joule heating of the eddy current, which

is proportional to 22 2.

2The eddy current is in proportion to (%—?)2, while the duration which the heat is applied is in proportion
oo\ 1
to (3%)
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(b) H dependence. (c) T dependence. (d) Sweep-rate dependence.
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Chapter 8

Results and discussions

8.1 At ambient pressure

8.1.1 Heat capacity

The heat capacity of a single crystal of UPt3 is shown in 8.1. It clearly exhibits a successive
transition, respectively, at 7.F=0.525K and T, =0.478K under zero external field. Applying
the higher external field, these transitions move to lower temperature with approaching each
other and under the magnetic field about 0.5T they merge into the single transition. No
anomalous peak due to the phase transition between B and C phase is observed.

The heat capacity below T, obeys T? law in the wide range of temperature and it sug-
gests the unconventional superconducting state with the line node on the Fermi surface.
However, as lowering temperature, it shows an increment of C/T at around 0.15K. It is con-
sidered to associate with the heat capacity anomaly at very low temperatures reported by
E.A.Schuberth et al. {65]. It is almost field independent up to 2T as well. By extrapolation
of the higher temperature region, it shows no residual electronic specific heat.

It should be noted that C/T of the normal state slightly increases with decreasing temper-
ature, leading to a broad maximum at about 0.6K. It may concern with the contribution
of the spin fluctuation, 7% In(T/T*) term, which is observed relatively high temperatures
(75, 76].

In Fig. 8.2, the H-T phase diagram of UPt; is shown in good agreement with the
magnetization measurement by Sakakibara group [70, 71, 72].

8.1.2 Magneto-caloric effect

In Fig. 8.3, the results of the magneto-caloric effect measurement are shown. The contri-
bution from the background, ¢.g. Cu addenda, is not subtracted yet, so that the absolute
value has no significance. However, since the data under higher magnetic field approach
zcro asymptotically, we consider that those contributions are negligibly small.

Firstly, the reversible part shows the step-like behaviors at Hpe and Hg, as previously
reported by B.Bogenberger et al. [63]. It should be noted that the reversible part shows a
negative value which is caused by the field dependence of the superconducting encrgy gap.
In spite of the difficulty of the quantitative analysis, it implies the anisotropic behavior of
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Figure 8.1: Heat capacity of a single crystal of UPt3(#3S) by C/T — T plot under various
magnetic fields applied parallel to the crystal ¢ axis (a) and to the crystal a axis (b). The

solid lines are guides to the eye.
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respectively. The arrows respectively indicate Hpe, Hea and the anomalous peak of the
heat up. The solid lines are guides to the eye. The contribution from the background is
not subtracted.
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magneto-caloric effect. That is, the change at Hpe for H || b is somewhat larger than that
for H || c.

Secondly, we consider the irreversible part of the magneto-caloric effect. It shows a
positive value in the entire magnetic field range, namely heating up. It is noticeable that
the irreversible part exhibits an anomalous peak just below Hs and, at lower magnetic
fields, the heat up steeply increases with decreasing field. This remarkable feature can not
be explained by the heating of the eddy current. We consider that the origin of the heat
up is associated with the flux motion. Comparing with the results of the magnetization
measurement, the behavior roughly coincides with the hysteresis of the magnetization. It
may be interpreted as following. The hysteresis of the magnetization is caused by the
flux pinning. In such region of magnetic field, slightly moving fluxes which overcome the
pinning potential yield the heating-up. Or, the elastic strain may be caused. Thus the
heat up is proportional to the flux pinning force.

It is noteworthy that the anomalous peak just below H is attributed to the peak effect
of UPt3. It is suggested that the magneto-caloric effect is available for investigation of the
peak effect.

8.2 Under high pressures

8.2.1 Heat capacity

In Fig. 8.4, we show the heat capacity of a single crystal of UPt3 under hydrostatic
pressures up to 8.7kbar. The double peaks of heat capacity due to the successive transition
between A and B phases disappears under pressure of ~4kbar. Above P, no evidence of
the successive transition is obtained within our experimental accuracy. The temperature
dependence of the heat capacity of the superconducting UPt3 is T-square, and no obvious
change is observed.

In Fig. 8.5, the heat capacity under pressure of 3.8kbar at various magnetic fields applied
along with the crystal ¢ axis is shown. The round shape of heat capacity of normal state
devided by T is seen as well, and its broad peak slightly moves to lower temperatures
~0.45K.

The results of the magneto caloric effect under pressure of 4.0kbar is shown in Fig.
8.6. The magnetic ficld is applied along with the crystal ¢ axis. The contribution of the
background is not subtracted yet. ,

Clear jumps at both Hpc and H,» are observed in the reversible part. It should be noted
that the anomalous pcak of the heat up remains just below H,y in the irreversible part.

In order to cstablish the H-T phase diagram under high pressures, it is required to
measurce the magneto-caloric effect at higher temperatures. However, with increasing
temperature, the magneto-caloric effect is getting smaller as the heat capacity incrcascs.
Moreover, the expected B-C transition moves to lower field side and is covered with the
serious heat up of the irreversible part even at T=0.25K. In conclusion, it is difficult to
detect the B-C transition at higher temperature and under lower magnetic ficld by mcans
of the magnetocloric effect because of the heavy irreversible heating.
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Figure 8.4: Heat capacity of a single crystal of UPt3(#6) by C/T —T plot under hydrostatic
pressures up to 8.7kbar. To clarify the subsequent runs, the data arc shifted by 0.1J/K?mol.

71



- 5 5kOe-

cg O o °°°° W®m°o° 9
o -

& - o 8kOe -
3 0f e .
S i c&mo&wi&lg!(Oe |

O ]
- 15kOe -
O °°°°a50900°°°°<9°°°°000°°°°

- UPt,#6 p~3.8kbar-
0 02 04 06
T(K)
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8.3 Summary

We observed that the heat capacity of a single crystal of UPt3 obeys 7 law both at ambient
pressure and under high pressures. Above P, no evidence of the successive transition is
seen.

We also carried out the magneto-caloric effect measurement. By analyzing the data
separately for the reversible and the irreversible part, it clearly shows the existence of
the B-C phase transition and H, both at ambient pressure and under high pressures, at
reached low temperature. In addition, an irreversible heat up is observed just below H.,
which is attributed to the peak effect. This anomaly remains above F..

However, at higher temperatures and under lower magnetic field, it is not able to de-
termine the B-C phase transition and the H-T-P phase diagram is not obtained as the
result.
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Appendix A{

The Automation of the Heat
Capacity Measurement

In our laboratory, the heat capacity measurement is performed with a computer controlled
system. The fundamental concept of the measurement procedure is discribed in Ref.[77].
Measurement program was originaly written by S.Miyamoto. Later, it has been modified
by those who are the predecessors of the heat capacity measurement in Amaya laboratory,
S.Kumayasu and Y.Tabuchi. I have made some improvements and source-level diet. In
this chapter, the concept of automated measurement is to be appeared. The ability of
extention is also discussed.

A.1 Hardware configuration

The temperature of a sample is measured with an AC-resistance bridge, RV-elektroniikka
AVS-46, which is in general use of our laboratory. Since the resolution of the original AD
converter is 41 digits, a digital volt meter (DVM), Keithley 196 or 2000, which has the
high resolution of 6% digits and the high accuracy, is connected to an analog output of the
bridge in order to read out the resistance.

In ordinary casc, two heaters are furnished on the sample addenda. One is to supply a
heat pulse and another is to compensate the heat leak, which are called ”Main Heater” and
"Sub Heater,” respectively. Each heater is connected to a programable current generator
(CG), Advantest R6142. The minimum prescttable output current is 1077A.

For cvaluation of the total amount supplicd by a hcat pulse, the voltage of the main
hcater is mecasured by another DVM. However, if the resistance of the main heater is
rather temperature independent, it may be in substitute for this function. (Sec page 6.)

The whole equipments (cxcept AVS-46) are under the control of a personal computer via
the IEEE488 interface bus (GP-1B). The measurement program takes data acquisition every
seconds, so that DVMs should be set to make data avecrage within the range of a second.
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A.2 Measurement procedure

A.2.1 The heat pulse

A heat pulse is supplied by the Joule heating of the main heater, presented in Eq.(2.3).
In a subsequent measurement, the heat pulse to be supplied is estimated by refering the
former;

AQ=C{1+a)T—T}=0aCT, (A1)
where « is the ratio of measurement step. Thus the current in the next trial is calcurated
as following;

o= AL
M=V RuAt
aCT

If there is entirely no reference, e.g. at the first attempt, the heat capacity of the
background would be helpful information because the total heat capacity must be larger
than it.

A.2.2 Thermal relaxation

After a heat pulse, the system settles down to the thermal equilibium. The profile of the
temperature is a mix of miscellaneous thermal relaxation, e.g. the relaxation from the
electron spin and the nuclear spin, or the heat leak to the thermal bath, and so on. So one
must pay attention when the specimen relaxes thoroughly.

In case of the quasi-adiabatic configuration, thermal impedance between the specimen
and the thermal bath is so high that the heat leak to the thermal bath can be considered
to be constant, i.e. the relaxation time constant 7pa is to be infinity. Thus the profile of
the system is gradually getting to a straight line after the specimen thermaly relaxes.

The program watches out whether the profile may be regarded as a straight line within
a given time constant, Teaumpte K Tharh- 1f nOt, it waits repeatedly. When the system fully
relaxes, the heat capacity is calcurated by fitting the profile before and after the heat
pulse, and the time constant of this measurement is refered by the subsequent trial. If it
is longer (shorter) than the given value, the program makes Tyampie On the next attempt
longer (shorter). How to decide Toampie is mentioned in the following Section A.3.1.

For the later convinience, the profile is recorded as the resistance value becausc the
calibration of thermometer is often improved later. Then, eq. (2.2) is transformed to;

AQ dIt

A.2.3 Stabilizing temperature

Heat capacity is nothing but a thermal response of the system. With utilizing it, the
temperature is controlable better than that with the PID (proportional, integral and deriva-
tive) method, which is the most popular technique.
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After the thermal equilibrium is reached, the temperature of the system drifts, obeying
eq.2.4. In case T is negative, the heat leak can be compensated by heating of an auxilary
heater,

Q+Is°Rs=0. (A.4)

So the quasi-adiabatic circumstance is achieved.
The current of the sub heater is obtained from Eq. 2.4 and Eq. A.4;

cT
51g = Q' . (A.5)

The program observes T for a duration ! which is the order of Tsample, @nd fixes Ig repeat-

edly; -
CT
Ig.e:tt — IS2 + - (A6)
Rs

until it converges within a given range.

A.3 Hints and tips on programing

A.3.1 Finding the thermal relaxation

The key point for the automation of the measurement is how to evaluate the thermal
relaxation after the heat pulse. In a usual way, the relaxation process 7T is devided into
three periods. In the first 7/3, there remains the transient after effect of the heat pulse, or
the much faster thermal relaxation within the addenda is in progress. The program treats
it as dead time. In the succeeding 7/3, the temperature profile is approximated as straight
line by the least squears method. Finaly, the program evaluates how far the points in the
last 7/3 deviate from it. If the deviation exceeds the limit which is judged by the observer,
the measurement is to be extended further by 7/3 and again evaluated.

Needless to say, the above stated way of the data analysis is one of the many solutions. It
ignores how the profile is roundish and how dispersive. In case there exists heat capacities
of the nuclear spin, those information may be beneficial. Because the spin-lattice relaxation
time constant 7} is so long at low temperatures that the profile generally shows an overshoot
and the following non-linear decay in a long term.

However, though the program shows references, the decision if it is straight or not is up
to the observer of the mesurements. The complete automation has no sence. Never forget
to keep a ruler in mind.

A.3.2 Single heater method

Usually, the heat lcak to the thermal bath is compensated by the sub heater as seen in
cq. (A.4). Then the heat pulse may be regarded as an cxcessive heat flow If, Ras supplicd

Idealy, 7" equals the declination of the thermal relaxation of the previous profile.
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by the main heater. If Rj and Rg are the same order, heating by the single heater is
equivalent;
IMzRM -+ ISZRS ~ I2R . (A?)

It comes that measurements with one heater can be performed. The actual current is

I =+ +1s*. (A.8)

In this way, one of two heaters is not necessary and current generators, too. Also the
work of the sample stage is made easy. In other words, the measuring apparatus becomes
much simplified, giving less the unexpected failure.

However, this method is not necessarily satisfactory. The range of each imaginary In
and Ig affects the resolution. For example, if the imaginary I is 10.00mA, the resolution
of the imaginary Ig is limitted to 0.01mA.

A.3.3 A negative heat pulse

In general, heat capacity measurements by the heat pulse method are performed with
increasing temperature since the heat pulse is served by the Joule heating in an adiabatic
system. However, demands on measuring with decreasing temperature actually exist. For
example, the supercooled liquid hydrogen in restricted geometries is believed to be another
candidate of the superfluidity. Since the supercooled state is the quasi-stable transient
state from liquid to solid, measurements with decreasing temperatures are required. In
order to measure the heat capacities of those system, the relaxation method or the AC
method are limited choices in usual way.

In case of the single heater configuration, pseudo negative heat pulse can be supplyed.
That is to say, in eq. (A.4), the decreace of the current in a certain duration is equivalent
to the negative heat pulse.

AQ={(I+AIR+Q}At for AI<O. (A.9)

Of course, this method premise that there exist large heat leaks to the thermal bath.
Under such circumstances, one must be cautious about the temperature gradient between
the specimen and the thermometer.
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Appendix B

Schottky type anomaly of heat
capacity

B.1 2-levels

A
/A o
1+exp< kBT>
C 1 /7 A \? A
5= 7)) (o) (B-1)

Low temperature approximation [exp (—Eﬁ?) < 1)

C AN\ A
High temperature approximation [exp (_Eﬁ?) ~ 0]:
C 174N
7= 1(r) (B3
2-levels 3-levels 4-levels n-levels
] A - i A n-1
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Y Y ¢A1 y $ A SRR A

Figurc B.1: Notations of the encrgy levels.
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B.2 3-levels
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High temperature approximation:
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B.3 4-levels
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In casc of A = Ay = Ay/2 = Ay/3:
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High temperature approximation:
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B.4 n-levels
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