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Abstract

Thermal and magnetic properties of CeNiSn have been measured on a high-
quality single crystal in magnetic fields in order to reveal the intrinsic ground
state of this compound. The specific heat for the purified crystal has been found
to remarkably depend on the field along the a axis in contrast with less field de-
pendence for dirty samples. The electronic specific heat divided by temperature
Ca/T increases around 2 K with increasing field along the a axis, indicating
that the field enhances the density of states (DOS) around Fermi level g in
this temperature range. On the other hand, C,;/T" around 7 K decreases with
increasing field. To understand the origin of temperature and field dependence
of Co/T, we introduced a DOS model which consists of a V-shaped gap with
a residual DOS in the Lorentzian peak around Ep. The experimental result is
well reproduced by assuming the Zeeman splitting of the DOS without changing
the shape of the gap by magnetic field. This result indicates that the gap above
2 K is hardly affected by applying field at least up to 14 T.

The C¢/T below 2 K stays nearly constant in zero field. With further de-
creasing temperature, C /T slightly increases below 0.5 K, which suggests that
there is a peak structure at the bottom of the pseudo-gap around Ep. However,
the large reduction of C/T in the field has been found, suggesting that a rigid
band picture is no more realistic below 1 K. The field dependence indicates that
the peak inside the pseudo-gap is collapsed by external field. In this study, we
concluded that CeNiSn is classified as a new-type Kondo metal instead of a

Kondo insulator.
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Chapter 1

Introduction

1.1 Ce-based compounds

Since the discovery of “heavy fermion” phenomena [1] in Lanthanide and Ac-
tinide compounds, a considerable number of active studies has been made on
these compounds. In particular, Ce-based compounds show a variety of unusual
ground states due to the peculiar character of the 4f electron, including a non-
magnetic heavy-fermion state, a magnetic ordering state and a superconducting
state [2, 3, 4].

The electron configuration in a Ce atom is
Ce : [Xe]df'5525p°5d" 652

In many cases, a Ce ion has a trivalent state (Ce*") in a compound. The 5d'6s?
electrons are to be conduction electrons. The 4f electron is located inside the
5s5p shells and well localized at high temperatures. With decreasing tempera-
ture, a spin-flip scattering (Kondo scattering) of conduction electrons becomes
dominant at each Ce site similar to the well-established dilute-Kondo effect. In
this temperature region, electric resistivity p shows logarithmic temperature de-
pendence and magnetic susceptibility y exhibits the Curie-Weiss temperature
dependence. As temperature is further decreased below a characteristic temper-
ature T (Kondo temperature), the resistivity marks a maximum and a rapid

decrease follows. At lower temperatures, p is proportional to T?. The magnetic
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susceptibility deviates from the Curie-Weiss law and tends to level off due to the
realization of the enhanced Pauli paramagnetism with ~ 107 emu/mol below
Tx. In this temperature range, the ratio of electronic specific heat to tempera-
ture C;/T remarkably increases up to a constant value of 100 ~ 1000 m.J/K*mol
in contrast with a few mJ/K?mol for a usual metal. The behavior below T orig-
inates from the formation of a narrow quasiparticle band around Fermi level Ey
due to the conduction and f electron (¢-f) hybridization. The quasiparticle
state is well described as a Fermi liquid state. As the quasiparticle band has
flat dispersion, a peak is developed in the density of states (DOS) around Efp.
The peak is called as the Kondo peak or the Abrikosov-Shul resonance peak.
The phenomena mentioned above are referred to as the dense-Kondo effect. The
large values of C,;/T and y are ascribed to a large effective mass of quasiparti-
cles. Therefore, such dense-Kondo compounds are frequently called as “heavy
fermion system”.

The quasiparticles form various ground states; a heavy-fermion state, an
unusual magnetic orders, a superconducting state and a (pseudo-) energy gapped
state. The energy gap formation has been suggested in CeNiSn [5, 6, 7, 8],

CesBisPts [9] and CeRhSb [10] SmBg [11], YbBy, [12] and so on.

1.2 CeNiSn

CeNiSn crystallizes in an ¢ TiNiSi type orthorhombic structure [13, 14] as illus-
trated in Fig. 1.1. The lattice parameters are a = 7.542(1) A, b = 4.6009(4) A
and ¢ = 7.617(1) A at room temperature. A Ce atom is surrounded by a pair
of two distorted hexagonal rings which are linked by Ni and Sn atoms alterna-
tively, and the Ce atoms form a zig-zag chain along the a axis. Although the
exact Ce-site symmetry is monoclinic (Cs), the symmetry is frequently treated
as pseudo-trigonal because the distortion of the hexagonal Ni-Sn ring is small.

Magnetic susceptibility does not follow the Curie-Weiss law below 300 K. A



CeNiSn
orthorhombic

Figure 1.1: Crystal structure of CeNiSn.

peak structure was observed around 12 K in the magnetic susceptibility along the

a axis, which is the easy magnetization axis. Before the present study, the peak
was believed to reflect development of antiferromagnetic correlation suggested by
inelastic neutron scattering experiments [15]. Because of high Ty, well-defined
peak corresponding to crystal-field excitation was not found in inelastic neutron

scattering [16], although a broad peak was indistinctly detected at 4.2 K [17]. In



magnetization [18] and elastic modulus [19], metamagnetic behavior was found
in a field around 10 T along the a axis.

Thermal properties of CeNiSn show the power law temperature dependence,
which originates from the anisotropic gap, in contrast with exponential behav-
ior for cubic Kondo Insulators YbBi; [20] and Ce3BisPts [21]. According to
the nuclear magnetic resonance (NMR) measurements [6, 22], '*?Sn spin-lattice
relaxation rate 1/7T) decreases with 7' and is proportional to 7% at low temper-
atures. A “V-shaped” gap is proposed from the 7 dependence of 1/T;. The
magnetic contribution of 4 f electron to specific heat C, [7] at low temperatures
enhance Cy,/T with a maximum around 7 K as temperature is lowered. Below
7K, Cin/T decreases rapidly and show T-linear dependence at low temperatures.
This T-linear dependence of C\,/T" supports the V-shaped gap model. Nishigori
et al. estimated T = 51 K for CeNiSn and claimed that the gap width is scaled
by Tk. Specific heat below 1 K [23] suggests the presence of a residual DOS
at the bottom of the gap and implies the gap is strongly suppressed when a
magnetic field higher than 8 T is applied along the a axis.

The mechanism of the energy gap formation has been theoretically discussed
from a various view points [24, 25, 26, 27, 28]. Ikeda and Miyake [28] have
argued the physical properties of CeNiSn by the Fermi liquid theory of heavy
fermions on the basis of the periodic Anderson model with a condition for the
band insulator. The wave number & dependence of the hybridization matrix
element was taken into account. In the case of the crystal electric field (CEF)
ground state of |J = 5/2,J. = F3/2), which is expected in a trigonal symmetry,
the hybridization matrix element vanishes along the a axis. As a result, the gap
does not open in the a direction in the k space and a finite DOS intrinsically
remains at a bottom of the gap.

Recently, Nakamoto et al. [29, 30, 31] succeeded in purification of single-

crystalline samples of CeNiSn and experimentally shown that the electronic
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properties are very sensitive to sample quality. In early works (5], electrical
resistivity of CeNiSn rapidly increased below 6 K like a semiconductor with de-
creasing temperature. The increase in resistivity was believed to be the evidence
of the gap formation. Therefore, CeNiSn was called a “Kondo insulator” or a
“Kondo semiconductor”. For purified samples, however, the semiconductor-like
temperature variation changes to a metallic one, and the case is substantially
different from other cubic compounds YbB,; and Ce3BisPts for which the in-
creasing ratio of resistivity at low temperatures becomes larger by purification
[32, 33]. The semiconductor-like conduction previously observed in CeNiSn is
presumably due to carrier localization by impurities and /or imperfection. After
purification, two impurity-peaks in specific heat vanished and 7-independent
value of C/T below 1 K decreased from 57 to 40 mJ/K?*mol. Tkeda and Miyake
[28] showed theoretically that the shape of the gapped DOS around Ef is easily
changed by impurity. In fact, the impurities might veil the intrinsic property in
early samples. Thus, the sample quality is of essential importance for the study
of this material.

A number of investigations have been performed on CeNiSn. However, the
electronic ground state and the mechanism of the gap formation remains to be
clarified. In this study, we measured specific heat and magnetocaloric effect
from 0.1 to 25 K in magnetic field up to goH = 14 T. Magnetic susceptibility
measurement was performed from 2 to 600 K at 1 T. By using a high-quality
single crystal, we observed a significant field effect in specific heat when magnetic
field was applied parallel to the a axis, in contrast with nearly field-independent
result for H || b and ¢. The results of specific heat and magnetic susceptibility
were analyzed by a V-shaped gapped DOS model with residual DOS. From the
obtained specific heat below 1 K, the electronic state at the bottom of the gap

1s discussed in terms of a new electronic state due to a many-body effect.



Chapter 2

Experimental

2.1 Sample preparation

Single crystals of CeNiSn used in this study were grown by a Czochralski tech-
nique using a radio-frequency furnace with a hot tungsten crucible in a purified
Ar atmosphere. The crystals were purified by the technique of solid state elec-
trotransport with current density of 600 A/cm? in a vacuum of 1 x 107 Torr
for 16 days. The surface of the crystal was carefully polished because impurities
on the surface results badly.

The impurity concentration of Ce;O3, CeNiySny and Ce;NizSng in the crys-
tals has been confirmed less than 0.1 % by a metallographic examination and
electron-probe microanalysis [29, 31]. Electrical resistivity p of the crystals shows
metallic conduction for all axes at low temperatures. In comparison with unpu-
rified sample, our sample exhibits the smallest p at 1.3 K along each a, b and ¢

axis, indicating high quality.

2.2 Measurements

Molar specific heat C' at a constant pressure was measured from 2 to 25 K in
magnetic field up to 14 T using an adiabatic calorimeter with a mechanical heat
switch, as shown in Fig. 2.1. The calorimeter was constructed in this study and

was put into the variable temperature insert (VTI) of a cryostat with a 16 T

10
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Figure 2.1: An adiabatic calorimeter designed for combination with a
16 T superconducting magnet.

superconducting solenoid (Oxford instruments). Thermometers and a heater
were attached to a thin copper plate. The Cu plate is referred to as addenda.

The sample (1 ~ 2 g) was placed on the addenda with grease (Apiezon Products



Limited, N grease) of 20 mg for better thermal contact. The resistance of the
thermometer was measured by an AC resistance bridge (RV-Elektroniikka Oy,
AVS-46) with an operating frequency of 30 Hz. A calorimeter was designed
to measure specific heat of a small single crystal in high magnetic field. A
Ruthenium-Oxide (RuO;) chip resistor (ALPS, 10 k2 1/10 W) and a small
platinum resistor (Tama Electronic Corporation, SDT101A 100 ) were used
as a thermometer for the temperature range between 1.5 and 60 K in magnetic
field up to 14 T because of tiny and simple magnetoresistance in addition to
small heat capacity. Two strain gauges (Kyowa Electric Instruments, KFG-2-
350-C1-23 350 Q) with small heat capacity were connected in series and affixed
to the Cu addenda as a heater because the flat surface is convenient for good
thermal contact. To prevent vibration of electrical leads due to the AC current
in the magnetic field, a pair of plus- and minus-leads were twisted together.

The measurements were carried out in the following way. First, the sample
was connected to cooling medium by the heat switch and cooled down to the
lowest temperature. After the heat switch was open, the sample remains in
an adiabatic condition. To keep a good adiabatic condition, the temperature
of a radiation shield surrounding the sample were controlled so as to be the
same as that of the sample. The radiation shield temperature were controlled
by a temperature controller (Oxford Instruments, ITC-4) for VTI. The power
for heating up the sample on the addenda was adjusted so that each single heat
pulse gives about 3 % increment of the sample temperature throughout the
measurement. The total heat capacity was evaluated by dividing the applied
heat by temperature difference between before and after heating. To obtain the
exact heat capacity of samples, the heat capacity of the addenda, which was
independently measured, was subtracted from the total heat capacity.

The measurements in the temperature range between 0.1 and 2 K were per-

formed with an adiabatic calorimeter mounted under the mixing chamber of a



13

3He-*He dilution refrigerator. The addenda was connected to the mixing cham-
ber through a superconducting heat switch. The superconducting heat switch
was made of 6N lead foils with the dimensions of 140 x 2 x 0.1 mm. Two RuO,
chips (ALPS, 1 kQ 1/10 W) and one RuO, chip (ALPS, 4.7 kQ2 1/10 W) were
included in the addenda. One RuO, chip of 1 k{2 was used as the heater and the
rest chips of 1 k) and 4.7 k2 as the thermometers. The external magnetic field
up to 5 T was applied by a superconducting magnet. The magnet was made
of Nb-Ti wire and covered with an iron jacket in order to reduce the magnetic
field around the Pb heat switch. In the magnetic field, temperature was calcu-
lated with correction for the magnetoresistance of RuQO, chip, which was also
independently measured.

The magnetocaloric effect was measured by using the same equipment for
the specific heat measurement.

The temperature variation of the sample in an adiabatic condition was mea-
sured with sweeping magnetic field at a constant rate of 0.14 T/min for the
temperature range above 1 K.

A commercial SQUID magnetometer (Quantum Design Co., MPMS) was
used to measure the magnetic susceptibility M/H along the a, b and ¢ axes
from 2 to 600 K at 1 T. The magnitude of applied field was evaluated from

the magnetization of palladium which was independently calibrated in the same

field.



Chapter 3

Results

3.1 Specific heat
3.1.1 Above 2 K

Figure 3.1 shows a ratio of specific heat to temperature C'/T in selected mag-
netic fields of 0, 10 and 14 T along the a, b and ¢ axes. No peak in C'/T

due to impurities is observed in this sample. Impurity peaks have always been
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Figure 3.1: (a) Specific heat of CeNiSn plotted as C'/T vs T above 2 K
in the magnetic fields of 0, 10 and 14 T along the @ axis.
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found in C/T at 2.5 and 6 K for dirty samples [30]. This fact is an evidence
that the sample used in this study is of good quality with few impurities. An
appreciable field effect was observed even above 2 K for H || a in contrast with
less field dependence for H || b and ¢. We like to emphasize that the anisotropy
of specific heat with respect to the field direction is strongest among other phys-
ical properties; electric resistivity, magnetization and so on. As magnetic field
increases, C'/T for H || a considerably increases below 4 K but decreases in
the temperature range between 4 and 14 K. Thus, the entropy release is caused
to shift to lower temperatures by field. With increasing temperature, however,
the field effect becomes weak above 15 K, because the phonon contribution to
specific heat becomes dominant. The remarkable field effect is observed only in
the high-quality single crystal. In a dirty sample, no significant field dependence

was observed even for H || a as shown in Fig. 3.2. A peak is found in zero field at
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14 T along the a axis. Less field effect is observed in contrast to the
result for the pure sample.
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6 K and attributed to the magnetic ordering in the impurity phase of Ce;O3. In
the field of 14 T, the peak is no longer observed because the magnetic ordering
is suppressed by field.

In many studies of Ce-based compounds, the magnetic contribution C,, of
4f electrons to specific heat was used to discuss the electronic properties. To
calculate C,,, one subtracts the specific heat of the isomorphic non magnetic
compound without 4f electron from that of the Ce-based compound, for exam-
ple, C of LaBg from C of CeBg [34]. In this calculation, not only the phonon
part of C' but also conduction-electron part of ' is subtracted. This procedure
is valid in the following two cases. (i) 4f electrons are strongly localized in the
compound. (ii) C/T of the compound is quite large in comparison with that of
a normal metal. In case of CeNiSn, since the Kondo temperature Ty is 51 K
[7] and C/T = ~40 mJ/K2mol at 0.1 K, the 4f electrons hybridize well with
the conduction electrons in the temperature range below 25 K and it is difficult
to neglect the conduction-electron part. The simple subtraction of the specific
heat of LaNiSn from that of CeNiSn should not be a good procedure to obtain
the electronic contribution Cy; from the 4f and conduction electrons.

To evaluate the electronic contribution C,;, we used the phonon contribu-
tion Cp;, to the specific heat CLaNSt of isomorphic LaNiSn as a background
specific heat for the substraction. The specific heat of LaNiSn was assumed
fE.;aNiSn

to consist of the electronic contribution C and the phonon contribution

C;‘f:NiS“. It is not necessary to take account of the nuclear contribution since
the contribution is negligibly small in the temperature range above 2 K. We
employed the linear approximation v7" with the temperature-independent value
of v = 11.4 mJ/K?mol for C*Ni5» [7]. The electronic contribution C'G*NiS" was
evaluated by subtracting the phonon contribution as CPL,?MS“ (= ClaNi%e _aT)

from the measured specific heat for CeNiSn. For the results in the finite mag-

netic field, we evaluated CS"N‘S" in the same way using the zero-field data of
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In Fig. 3.3, Cy/T of CeNiSn is plotted as a function of temperature for se-

lected fields pugH = 0, 10 and 14 T along the a axis. The increase in C,;/T from

20 to 7 K is caused by the enhancement of the DOS due to the growth of the

Kondo resonance peak at Fr and then shows a maximum at 7 K. After marking

the maximum, C,;/T rapidly decreases, indicating that the DOS reduces sub-

stantially within a narrow energy region around Ep. In order to show the effect

of magnetic field more clearly, we plotted again the same data as a function of

the field at several temperatures in Fig. 3.4. At 6 K, the value of C,;/T' decreases
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Figure 3.4: Field variation of C';/T" at several temperatures above 2 K.
The dashed curves are guides for the eye.

with increasing field. As temperature is lowered, the field dependence of Cy /T
1s gradually weakened and the sign of the slope changes around 4 K. Finally,
at 3.3 K, the C./T is an increasing function of H. Between 6 and 10 T, the
slope of the C/T becomes steep below 4 K. This behavior is less obvious above
4 K. Around the corresponding field of around 10 T, metamagnetic behavior is
reported in the study of the magnetization [18] and the elastic modulus [19].

The value of Cy;/T below 3.5 K tends to level off at the highest field.



3.1.2 Below 2 K

The specific heat obtained below 2 K is plotted against 7" in Fig. 3.5. As
temperature is lowered, the slope of C'/T in zero field changes around 1 K and
then C/T is reached an almost constant value of ~ 42 mJ/K*mol. The zero-
field result is qualitatively consistent with that in the previous work [31]. The
difference in magnitude of C/T below 1 K between this work and the previous
work of 57 mJ/K*mol [23] is probably due to impurity. The remarkable field
effect is found for H || a. Such a significant change in specific heat was not

observed in the field between 0 and 4 T along the a axis in the dirty sample [23].
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Figure 3.5: Specific heat divided by temperature C'/T for CeNiSn below
2 K'in magnetic field up to 5 T along the @ axis.
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In contrast with the result for H || @, no clear field effect is found in C/T for
H || ¢ as shown in Fig. 3.6. This strong anisotropy is in good agreement with
the result above 2 K, in which the significant field effect has been observed for
H || a in contrast with less field dependence for H || b and H || c.

The electronic contribution Cy; to specific heat below 2 K should be evaluated
by subtracting both the nuclear contribution Cy and the phonon contribution
Cypn because Cy may not be negligible at low temperatures. The C'y is expected
from the nuclear spin of ®'Ni, *%Sn, "Sn and ''°Sn. Table 3.1 shows the

natural abundance p, the nuclear spin I and the nuclear magnetic moment my
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of these isotopes. Since no quadrupole moment exists in these nuclei, we only

Table 3.1: The isotopic abundance, nuclear spin and nuclear magnetic moment of the
nuclei in CeNiSn

p (%) I mi (Un)
CINj 1.14 3/2 -0.74868
¥°5n 0.34 1/2 -0.91790
H8n 7.68 1/2 -0.99993
11981 8.59 1/2 -1.0463

took account of the magnetic hyperfine interaction which splits the nuclear-
spin levels. In the magnetic field, the levels of nuclear spin are split into 4 for
®INi and 2 for other nuclei. The energy separation of the (i — 1)-th level of
the nuclear spin from the lowest level is estimated by the Zeeman energy as
A; = igvpnH = t(my/I)H. Here the gy and uyn are the nuclear g-factor and
the nuclear Bohr magneton, respectively. Using the equation, we evaluated Cy

in various fields as a Schottky type of specific heat:
& X° B
O = paks |{ (=5) ) = (=) 3.1
N = pNakg [< T > T (3.1)
where the bracket denotes a mean quantity Q) as

_x_ Qe (Gt)
@ = e (o)

(3.2)

The N and kg are the Avogadro number and the Boltzmann constant, respec-
tively. The amount of evaluated Cy is about 7 % of total specific heat at 0.15 K
in a magnetic field of 5 T.

The phonon contribution was estimated as C,;, = T2, because the specific
heat of LaNiSn is well reproduced by yT'+3T? at low temperatures. The amount
of Cpp is less than 1 % of total specific heat at 1 K. The § = 0.49 mJ/K*mol [7]
was assumed to be field independent.

The evaluated value of C,;/T for H || @ and ¢ versus T' is plotted in Fig. 3.7

and 3.8, respectively. In zero field, C.i/T exhibits a slight increase below 0.5 K



120 T v T g ] I T ] ] l I ] ] T T T T
CeNiSn :‘
100 — H 1l ¢ axis Y
e g
oy ab
(@) . o
i 80— Ad
A AA A0 ge
] . A‘A ¥ n. : .
'_-! 60 = . ‘*:A“g :o.:‘. ay
Ll AA";A“&.O
= u--in... (Y] AAAAM Aw. . OT
S ORISR S
L)B RN s 2T
Y s g
A 4T
0 1 1 1 1 l l l l AI IST 1

T (K)

Figure 3.7: Temperature dependence of C,;/T of CeNiSn below 2 K for
H || a.

120 =11y L T T
CeNiSn

100 —H |l ¢ axis -
e
p— .
o )
A o
D P

=3 60 | o

bl Sosome o p, . OT
[;L 40 —M o 1T

S m 2T
s 20 — 0o 3T_

A 4T

Al

]llll ['I[llllllll
0 2 3 "4 5 678 2

T TR

Figure 3.8: The C/T of CeNiSn plotted as a function of H in selected
temperature below 2 K.



24

with decreasing temperature. Except for a very narrow temperature range, the
In T-dependence of Cy/T', which is frequently discussed in terms of a non-Fermi
liquid [35, 36, 37], has not been seen in this study. This slight but clear increase
of C.i/T should be regarded as an important information to reveal the electronic
state inside the gap. We will discuss this issue in the next chapter. As the field
increases, the increase in C,;/T below 0.5 K diminish rapidly and attains a
minimum around 2 T, whereas C;/T above 0.7 K increases monotonically with
magnetic field. The amount of the decrease in Cg /T is more than 30 % around
0.15 K at 2 T. Above 2 T, the Cy/T below 0.5 K increases as field increases.
A similar field dependence is also found in the independent work [38]. The

Cq/T above 1 T shows clear T-linear dependence (Fig. 3.9) in contrast to the
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Figure 3.9: The C¢/T of CeNiSn for H || a below 2 K in linear T scale.
The solid lines are guides for the eye.
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T-constant behavior previously reported for dirty samples even in the fields up
to 5 T [23].

Figure 3.10 shows C,;/T against T for low field along the « axis. The field
effect is obvious below 0.5 K. As the field increases, Cy;/T below 0.3 K increases
initially and shows a maximum around 0.2 T. The maximum around 0.2 T is
possibly due to a fine structure of the DOS. With further increasing field, the
slight upturn below 0.5 K is suppressed and then the value of C,;/T gradually
decreases down to the value for 1 T. On the other hand, the C,;/T above 0.5 K

i1s hardly affected by the field. The field effect is qualitatively different from that
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for above 1 T. The difference suggests that the origin of the field dependence is
different between below and above 1 T.
In Fig. 3.11, we plot again C/T as a function of H to make the field effect

clear. At 0.2 K, the magnetic field reduces Cy /T steeply with increasing the
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Figure 3.11: Magnetic field dependence of C,;/T of CeNiSn in selected
temperature below 2 K. The dashed curves are guides for the eye.

field up to 1 T. Above 1 T, the variation of C,/T becomes gradual with in-
creasing field and then exhibits a minimum value around 2 T. Above 2 T, C/T
increases monotonically. With elevating temperature, the field dependence be-
comes smooth. Especially, the low field structure is smeared out at 0.5 K. No
decrease is observed in the filed dependence of C,;/T above 0.7 K. In the recent

result of the longitudinal magnetoresistance along the a axis [39], a minimum
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and a peak of Gaussian-type have been found below 0.3 K at 0.2 and 0.77 T,
respectively. At 0.2 T where the magnetoresistance shows the minimum, C /T
shows the maximum. Around 0.77 T, the decreasing rate in C,;/T becomes a
maximum. The close correspondence between magnetoresistance and C, /T in

field may be attributed to a field induced change in the DOS.

3.2 Magnetocaloric effect

Figure 3.12 shows the temperature variation 7'(H) of the sample in the adiabatic
condition as a function of the field. The initial temperature was around 3.5 K.
The sample temperature decreases about 1 K with increasing field along the a
axis. On the other hand, the temperature are nearly independent of H || b and
c. The strong anisotropy between H || a and H || b or ¢ is consistent with that of
specific heat. An irreversible change is seen between increasing and decreasing
field processes. This behavior arises mainly from the eddy current heating of the
sample and addenda. The observed temperature variation versus field (07 /0H )s
can be analyzed by the thermodynamic relation of

<3_£> _‘<;') (801‘1{) “(?) (%)T (3.3)

S i

where S is the entropy. The measured T'(H) gives us a qualitative information on
(0S/0H)p. 1t should be noted here that T'(H) involves not only the contribution
of the sample but also that of addenda. The contribution of addenda to T(H)
can be neglected because only a small variation of T'(H) was confirmed for the
addenda by independent measurements. The decrease of the sample temperature
from 3.5 K, that is (0T /0H)s < 0, indicates that the entropy is enhanced by
the field along the a axis. The enhancement of the entropy is consistent with the
result of the specific heat measurement in magnetic field, which exhibits that

the release of entropy shifts to lower temperature below 4 K in the presence of

field.
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3.3 Magnetic susceptibility

Figure 3.13 shows the 7' dependence of magnetic susceptibility M/H along the
a, b and ¢ axes in the temperature range from 2 to 600 K. The magnetic sus-
ceptibility for H || a is characterized by a broad peak around 12 K. For H || b
and ¢, temperature dependence of M/ H is weak at low temperatures and M/H
shows a broad maximum around 70 K for the b axis and 150 K for the ¢ axis.
As temperature increases, the strong anisotropy tends to be weak. The upturns
below 30 K in M/H along the b and ¢ axes may be attributed to magnetic impu-

rities. The features of M/H are consistent with the previous results below 300 K

B = CeNipli- -
Hlla ‘uOH =1T

M/H (x10” emu/mol )

0 200 400 600
FtK)

Figure 3.13: Temperature variation of magnetic susceptibility M/H of

CeNiSn up to 600 K
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[31]. Above 300 K, M/H can be described by a Curie-Weiss type temperature
variation. Fitting of M/H is performed for temperature range between 340 and
560 K by using the Curie-Weiss formula,

v

Pl

X = + Xo, (3.4)

where C' and 6, are the Curie constant and the paramagnetic Curie temperature,
respectively, and yo is a temperature independent contribution. The effective
moment p.ss, 0, and yo obtained for H || a, b and ¢ are shown in Table 3.2.

The value of p.sy = 2.53up is close to the theoretical value 2.54up for the free

Table 3.2: List of the effective moment, the paramagnetic Curie temperature and
T-independent contribution

pefs (uB) 0, (K) Xo (emu/mol)
a axis 2.53 -42.6 9.50 x 10~°
b axis 2.87 -172.3 i i
¢ axis 3.34 -481.2 -1.05 x 10~

Ce* jon with the total angular momentum J = 5/2, suggesting that a localized
picture of the 4f electron is suitable in this temperature range. However, the
value of .y for b and c axes is larger than 2.54pp. In the case of the CEF ground

state with

J, = £3/2), for the trigonal symmetry, magnetic susceptibility for
the b and ¢ axes is regarded as a Van Vleck contribution rather than a Curie
one. Since the structure of CeNiSn is close to trigonal and |+3/2) state is
experimentally and theoretically expected, the large value of y./; for the b and

c axes 1s reasonably explained by the absence of the Curie contribution.



Chapter 4

Discussion

In this chapter, the obtained specific heat is analysed by using a modified DOS
model with a V-shaped gap and a residual DOS. The effect of the magnetic field
on the pseudo-gap is discussed by the Zeeman energy. We use this model to
demonstrate the origin of the peak in the magnetic susceptibility at 12 K. The
field dependence of specific heat below 1 K is describable if we assume that a

new many-body state is formed at the bottom of the pseudo-gap.

4.1 Magnetic field effect on the pseudo-gap

In order to analyze the 7" and H dependence of C,;/T, we modify the previous
DOS model proposed in the reference [6] and [7]. We add a residual DOS to
the V-shaped gap as illustrated in Fig. 4.1(a). Temperature dependence of the
DOS shape is neglected in the present model. Furthermore, we assume that

the field dependence of C,; is caused only by the Zeeman interaction, Ezeeman =

J.

tgs

pupH, where gy, J, and pp are the Landé g-factor, the z component of
total angular momentum and the Bohr magneton, respectively. In the magnetic
field, the total DOS N(E) splits into the partial DOS, N*(E) and N=(E) for
the up- and down-spin bands. A schematic DOS profile in magnetic field is

sketched in Fig. 4.1(b), where the dotted and the broken curves indicates the

N* and N7, respectively. As the field increases, the N(E) drawn by the solid

31
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Figure 4.1: Schematic DOS profile with a pseudo-gap. The parameters
D, A, W and 1\~’0 are half-widths of the Lorentzian, the V-shaped gap
and the bottom of the gap, and the magnitude of the residual DOS,
respectively. The dotted curve is the DOS for up-spin and the broken
curve is for down-spin, and the solid curve is the total DOS, N(E). (a)
In zero field, the DOS of the up- and down-spins, N*(E) and N~ (E),
overlap each other. (b) In magnetic field, the DOS of up- and down-spins
shift upward and downward due to the Zeeman interaction, respectively,
and the total DOS around Ef increases.

N
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curve increases at Fp. The N(E) is expressed as follows,

N(E) = N*(E)+ N™(E), (4.1)
A (D/2)
R =
NAE) = (B Er T Bamun) 1 (D2)
for |E — Ep F Ezeeman| = A, (4.2)
A (D/Q) |E 5 EF = EZeemanl - W
Ni(E) = ;{<1V0—A2+(D/2)2> W — A +/V0
for W < |E — Ep F Ezeeman| < A, (4.3)
A
NE¥(E) = =N,
T
for |E — Ep F Ezeeman] < W, (4.4)

where D, A and W are the half widths of the Lorentzian, the V-shaped pseudo-
gap and the bottom of the gap. 2N, = Z%NO denotes the residual DOS. The
normalization factor A is determined to satisfy the condition [ N(E)dE = 1.

Using this model for N(E), we calculated the specific heat

= A /_Z E- N(E)Qf(aET’T)dE, (4.5)

where f(E,T) is the Fermi-Dirac distribution function. The fitting of C,/T
1s performed so as to reproduce the experimental result. First, we performed
a fit for the zero field data with the fitting parameters D, A, W and Ny. The
best fit is obtained with the parameter D = 40 K, A = 25 K, W = 2.0 K,
No = %/Vo = 6.8 x 107" K~'. The fitted curve reproduces the experimental
Cea/T very well as shown in Fig. 4.2. It should be noted that the same val-
ues of D, A, W and N, for zero field are also well reproduce C,;/T even in the
magnetic field up to 14 T with the parameter g;|J.| = 1.10. The good fit ob-
tained with a single set of parameters for various magnetic fields reveals that the

Kondo-resonance peak in the DOS as well as the V-shaped pseudo-gap for both
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Figure 4.2: Fitting by the DOS model. The solid curves show the calcu-
lated Cy/T for 0, 10 and 14 T by using the DOS illustrated in Fig. 4.1.

up- and down-spin is hardly affected by the field at least up to 14 T although
effect of magnetic field on the pseudo-gap has been unclear until this study. In
other words, a rigid band picture is valid for the temperature range above 2 K
in the field up to 14 T. This conclusion is understood from the viewpoint of
energy-scale comparison between the Kondo and Zeeman interaction as Tx =
Il I > Egeemanihs ~ 10 K at 14 T.

Ikeda and Miyake [28] argued that the CEF state of |J = 5/2,J. = £3/2)
is the basis of the ground state of CeNiSn. The ultrasonic measurement for

the isostructural CePtSn [40] suggests that the

5/2,4£3/2) term is dominant
for the obtained ground state. For the CEF state of |5/2,+3/2), the value of
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gy|J-| is expected to be 1.29. This value is in reasonable agreement with the
gs|J:] = 1.10 obtained in this study.

The Cu/T is also calculated as a function of H with the obtained fitting
parameter. The solid curves in Fig. 4.3 show the calculated C./T at 3.5, 4,
5 and 6 K. The calculated curves agree well with the experimental data above
4 K. As temperature decreases and the field increases, however, the agreement
between the calculated and experimental values are getting worse, accompanied

by the enhancement of experimental C/T" above 6 T and below 3.5 K. The

190 |
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Figure 4.3: Fitting of C'y/T as a function of H. The solid curves are
calculated H dependence of C,;/T for CeNiSn at temperatures of 3.5, 4,
5 and 6 K using the parameters shown in Fig. 4.2. The dashed curves
are guides for the eye.

A R e = daihalaby |

C,/T (mJ/K’mol )
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discrepancy probably arises from the simple and rigid structure of the DOS
model, which suggests that a fine structure exists inside the pseudo-gap and /or
that the pseudo-gap is dynamically changed at the higher fields. Recently, Saso
(41, 42] theoretically discussed temperature and field dependence of the pseudo-
gap of CeNiSn. In the theory, the rigid gap picture is valid at low field. With
further increasing field, however, the gap collapses dynamically after the bottom
edge (E = £W) crosses Ep. The disagreement at high field may correspond to

his story.

4.2 Peak in magnetic susceptibility

We shall discuss the peak of M/H at 12 K for H || a. At the low temperature be-
low 50 K, an itinerant quasiparticle picture becomes suitable because of T = 51
K. In this case, the DOS model mentioned above can be applied to the mag-
netic susceptibility by assuming the Pauli paramagnetism. Then we calculated
the magnetic susceptibility y..; below 50 K by using the DOS with the same
parameters obtained by the fitting of the Cy/T. Since the experimental value
of magnetic susceptibility is evaluated by dividing the measured magnetization
by the applied field, we use the following equation,

M gips|d:| [ (.- + ! .
Xat = 7= Na- 22 /_N{N (E)— N*(E)}- f(E,T)dE.  (4.6)

The year is shown by a solid curve in Fig. 4.4. As temperature decreases, the
Xcal Increases and shows a broad peak at 12 K. Temperature dependence of \ ..
qualitatively well reproduces that of the experimental data as long as the field is
parallel to the a axis. This fitted result indicates that the rapid decrease in M/ H
below 12 K is not due to the development of an antiferromagnetic correlation
but rather due to the decrease of the DOS i.e. the development of the pseudo-
gap. The difference in the absolute value between y., and the experimental

data is responsible for almost T-independent contribution such as the Van Vleck
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Figure 4.4: The calculated M/H for CeNiSn below 50 K. The closed cir-
cles are experimental data of M/H. The solid curve represents the y.u

calculated by using the pseudo-gapped DOS model with the parameters
shown in Fig. 4.2.

contribution. However, the magnitude of the difference, ~ 5 x 107* emu/mol,
1s much larger than the Van Vleck contribution to the magnetic susceptibility
for the conventional metal. The difference may be explained by a Van-Vleck
susceptibility enhanced by a many-body effect. Such an enhanced susceptibility

is discussed in the cases of Ce;BisPt; and YbB, [43].
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4.3 The electronic state inside the pseudo-gap

We have argued the validity of the rigid structure of the pseudo-gap. From this
view point, we consider the electronic state inside the pseudo-gap in connection
with the specific heat below 1 K in the magnetic field. The slight increase of
Ca/T is observed below 0.5 K, which suggests that some additional structure
exists inside the gap of the DOS around Ep. Therefore, we introduce a peak
structure instead of the flat DOS. In order to simplify the calculation, the newly
introduced peak was assumed as an isosceles triangle on the residual DOS as
shown in Fig. 4.5. The equation 4.4 of the DOS is changed into

AdN
a W

/Vi(E) == IE = EF E EZeenmn' A NO i (12\7

for

B - IEF S EZeemanl < W. (47)

The parameter 2dN is the height of the peak from the residual DOS. The cal-

culated C /T for 0 and 2 T is respectively plotted as a solid and dashed curves

DOS
)

E, E,
Figure 4.5: Additional peak structure at the bottom of the gap. The

solid and dashed curves represent the peak structure and the flat residual
DOS, respectively.
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with the experimental data below 1 K in Fig. 4.6. The experimental data at zero
field is well reproduced with the parameter dN = 1.6 x 10=* K~' showing the
validity of the peaked structure existing inside the gap. It should be noted that
the fitting parameters other than dN are the same as that obtained above 2 K.
According to the Hall coefficient measurements, a strong decrease of the carrier
concentration due to the gap formation has been suggested at low temperatures
[39]. The carrier number concentration drops down to 0.0012 /f.u. at 0.5 K with
an assumption of one carrier model. Concerning the values of C/T and the

carrier concentration, we can roughly estimate the Sommerfeld coefficient v per
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one carrier at ~ 10* mol/K?mol. The large value of v strongly suggests that the
peaked electronic state at the bottom of the gap is composed of a renormalized
quasiparticle with enhanced effective mass due to a many-body effect.

In contrast with the successful fitting for zero field, the dashed calculation
curve for 2 T deviates remarkably from the experimental data with 30 % reduc-
tion in Cy/T at 0.2 K, as far as we use the same parameter of gj|J:| = 1.10
obtained for the data above 2 I{ within the rigid partial band picture. Although
the theory by Ikeda and Miyake [28] have reproduced many experimental results,
it has not predicted that the DOS around Ep in zero field is enhanced at low
temperatures and the peaked structure is drastically reduced by the field. Hence,
the electronic properties of CeNiSn is likely governed by a novel many-body
effect, which forms a Kondo resonance peak at moderately high temperatures,
a pseudo-gap at Fp as temperature is lowered and finally a new quasiparticle
state with small characteristic energy at the bottom of the gap at very low tem-
peratures. The peak developed in the DOS below 0.5 K is possibly an indication
for a new-type metallic ground state in CeNiSn if it is intrinsic.

Since Cy/T increases below 0.5 K in zero magnetic field, the electronic state
should have a characteristic temperature 7 < 1 K, which corresponds to the
Zeeman energy Ezeeman/kp for 1 T. It is quite reasonable that the new electronic
state 1s dynamically collapsed by the magnetic field of ~ 1 T. Thus, the drastic
reduction in Cy /T can be interpreted by the suppression of the new electronic
state by the field. The increase of C,;/T above 2 T is reasonably explained by the
overlap of the regions above /7, and below FE; in our DOS model (Fig. 4.1) due to
the Zeeman effect. Because the additional peak structure in the DOS vanishes
above 0.5 K, the initial decrease of C,;/T is not found in field dependence above
1 K. The T-linear dependence of C;/T above 1 T suggests that the DOS is
proportional to |Er — E| above 1 T.

In the above discussion, the new peak in the DOS has been treated as a new



intrinsic state of CeNiSn. We should examine a possibility of an extrinsic origin
for the enhancement of C./T at low temperatures. One of the most possible
candidates as the extrinsic origin is that an impurity band is responsible for
the T and H dependence of C./T. However, the upturn of Cy /T below 0.5 K
at zero field becomes clearer with purifying samples. This tendency suggests
that the upturn is unlikely to result from impurities. The significant field effect
below 4 T has been observed for the high-quality sample in this study. No
appreciable field effect was seen for low quality samples in magnetic field along
the a axis [23]. The impurity effect is expected to veil the field dependence of
specific heat since the quasiparticle band is blurred out by the impurities. As
mentioned above, C¢; /T exhibits the strong anisotropy in respect to the direction
of magnetic field. Isotropic or less anisotropic behavior against magnetic field
is expected for impurities because the randomness introduced by the impurity
makes the Fermi surface isotropic. Therefore, it is difficult to explain the strong
anisotropy if one assume the impurity contribution. Thus, we believe that our

findings are from intrinsic properties of the electronic ground state of CeNiSn.



Chapter 5

Conclusion

Measurements of thermal and magnetic properties for a high-quality single-
crystalline CeNiSn in magnetic field allows us to investigate the intrinsic elec-
tronic ground state. Specific heat measurements have been performed from 0.1
to 25 K in magnetic field up to 14 T. A remarkable field effect is observed
along the a axis in contrast with little field dependence for H || b and ¢. This
anisotropy in specific heat is larger than that in magnetization.

The field dependence of the specific heat above 2 K is well explained by a
V-shaped gap in the Lorentzian DOS with a residual DOS assuming the rigid
band structure. The field effect is introduced only as the Zeeman splitting of
the partial DOS for both up- and down-spin bands. We conclude from the
result that the overall DOS as well as the pseudo-gap is hardly affected by the
field in the temperature range above 2 K in magnetic field up to 14 T. The
value gs|J.| = 1.10 obtained by fitting is close to the values of 1.29 expected
for the CEF |J = 5/2,.J. = +3/2) state, which supports the experimental and
theoretical argument for the ground state of this compound.

The magnetic susceptibility has been measured from 2 to 600 K at the field
of 1 T. Fitting the data to the Curie-Weiss formula yields the effective moment
fers = 2.53up and the paramagnetic Curie temperature 0, = —42.6 K. The
value of piey; = 2.53up is close to the value 2.54yp for the free Ce®t jon. The rigid

band picture can at least qualitatively reproduce the temperature dependence

42
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of the magnetic susceptibility below 50 K. The cusp in M/H is found to arise
from the presence of the pseudo-gapped DOS rather than from the enhancement
of an antiferromagnetic correlation.

C./T slightly increases with lowering temperature below 0.5 K at zero field.
The increase reveals that an additional peak structure exists at Ep inside the
gap. The C./T enhanced below 0.5 K is reduced in turn by about 30 % as the
field increases up to 2 T. The 30 % decrease is hardly explained by the rigid
band picture.

The electronic properties of CeNiSn at low temperatures is concluded to be
governed by a novel many-body effect, which forms a pseudo-gap in the Kondo
resonance peak around Fp. Below 0.5 K, the many-body interaction realizes a
new quasiparticle state at the center of the gap. From this study, we propose
that CeNiSn is a new type of strongly correlated metal although this compound

has been so far classified as a Kondo insulator.
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