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Abstract

In antiferromagnetic cerium compounds, applying pressure causes a change of the
electronic state from the antiferromagnetic ground state to a non-magnetic one. We have
done the de Haas-van Alphen (dHvA) experiment under pressure to clarify the change of
the Fermi surface properties such as the topology of the Fermi surface and the cyclotron
effective mass. CeRhjSiy is a usual 4f-localized compound with a Néel temperature
Tn = 36 K, while CeNi is a non-magnetic valence fluctuation compound. We succeeded
in growing high-quality single crystals of CeRh,Si; and CeNi.

In CeRh,Siy, we confirmed the pressure-induced superconductivity below about 0.38 K
under 1.1 GPa, which had been reported for the polycrystal sample. We also measured
dHvA oscillation at ambient pressure and under pressure. Some dHvA branches observed
at ambient pressure are explained by the 4f-localized electron model. The cyclotron
effective mass is not large, ranging from 0.26 to 6.6my. The dHvA frequency is found
to be approximately unchanged up to p. ~ 1.0-1.1 GPa. Here, p. corresponds to the
quantum critical pressure where Ty becomes zero at p — p.. This means that the
topology of the Fermi surface is unchanged. On the other hand, the cyclotron mass
increases linearly with increasing pressure. Interesting is that the cyclotron mass of
a main branch increases steeply above 0.9 GPa, reaching about 18mg. All the dHvA
branches, which were observed below p., disappear above p. and a new dHvA branch
with a large mass of 22-24mgy appears. This branch corresponds to an orbit of the band
25-hole Fermi surface in the 4f-itinerant band model. This is the first dHvA experiment
showing a change of the 4 f-electronic state from localized to itinerant, namely indicating
a drastic change of the Fermi surface and cyclotron mass under pressure.

In CeNi, we measured dHvA oscillation at ambient pressure and under pressure. The
topology of the Fermi surface at ambient pressure is explained by the 4 f-itinerant elec-
tron model. The cyclotron effective mass is relatively large, ranging from 3.0 to 27my.
We confirmed the first-order phase transition at p. ~ 0.2-0.4 GPa from the dHvA ef-
fect and specific heat experiments. The dHvA frequency is unchanged at the transition,
indicating that the topology of the Fermi surface is unchanged. The cyclotron mass of
some dHvA branches is reduced about quarter. Correspondingly, the specific heat coeffi-
cient v = 56 mJ/K?-mol at ambient pressure decreases steeply below 0.4 GPa, reaching
32 mJ/K?-mol at 0.7 GPa. These results indicate an instability of the intermediate va-
lence state with a critical pressure of 0.2-0.4 GPa.
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1 Introduction

Magnetism in the rare earth compounds is based on the l'ocalized 4f electrons The
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction,® characterlzed by the tempera-
ture Trkky, causes a long-range magnetic order of 4f local moments where the indirect
f-f interaction is mediated by the conduction electrons with spins. . On the other hand
the Kondo effect, 4) characterized by the temperature Tk, quenches the magnetlc moments
of the localized 4 f electrons by the spin polarization of the conduction electrons. In the
cerium compounds, both the RKKY interaction and the Kondo effect COmpete with each

other.56)

In the non-magnetic Kondo-lattice ground state system such as CeCus, an
electronic specific heat coefficient ~ becomes extremely larcre v = 1600 mJ / K2. mol 7
reflecting a large density of states at Eg. This « value is by two to three orders of mag—
nitude larger than those in usual s and p electron systems This f electron system is
called heavy fermions. In heavy fermion non-magnetic compounds, the 4f electrons are
regarded as itinerant electrons.

Contrary to CeCug, most of the rare earth compounds mcludmg the cerium’ com—
pound, orders antlferromagnetrcally because the RKKY 1nteract10n overcomes the Kondo
effect. An antlferromagnetlc ground state is, however altered with tuning the control
parameter, such as pressure. In cerium ant1ferromagnet1c compounds, applymg pres-
‘sure causes a change of the electron state from the antiferromagnetic ground state to a
non-magnetic one. Around the quantum critical point, which corresponds to TN - Qat
a critical pressure p., pressure induced superconductivity or non-Fermi hduid behavior
are observed. These phenomena are one of the most 1mportant 1ssues in the condensed
matter physics. ' ’ : )

To clarify the electronic state in the cerium compounds we have done a de Haas—
van Alphen (dHvA) measurement for CeRh2812 and CeNi under high pressure The deA
measurement is a very powerful method to determine the topology of the Fermi surface
the cyclotron effective mass and the scattering lifetime of the conduction electron. In this
study, we grew high—quality single crystals of CeRh,Si; and CeNi. The former compound
CeRh,Si; orders antiferromagnetically' at 36 K. This compound is a usual 4 f-localized one. -
The latter compound CeNi is regarded as a non-magnetlc heavy fermion compound, Wthh .
was once called an intermediate valence compound or.a valence fluctuation compound.
The dHvA experiments at amblent pressure and under high pressure were done for both

compounds The electromc states of both compounds are found to be changed drastlcally R

under pressure.

In Chap. 2, we will give a review mcludmg more deta11 background of this study and
the characteristic properties of the present compounds of CeRh,Si; and CeNi. Next we

-
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will present the single crystal growth and experimental method in Chap. 3. In Chap. 4,
we will give the experimental results and discuss the ground state property. Finally, we
will summarize and conclude the present study in Chap. 5.



2 Review

2.1 General property of the f electron systems

2.1.1 RKKY interaction

The 4f electrons in the Ce atom are pushed into the interior of the closed 5s and 5p
shells because of the strong centrifugal potential [ (I + 1)/72, where | = 3 holds for the f
electrons. This is a reason why the 4f electrons possess an atomic-like character in the
crystal.®) On the other hand, the tail of their wave function spreads to the outside of the
closed 5s and 5p shells, which is highly influenced by the potential energy, the relativistic
effect and the distance between the Ce atoms. This results in the hybridization of the
4f electrons with the conduction electrons. These cause various phenomena such as
valence fluctuations, Kondo lattice, heavy fermion, Kondo insulator and unconventional
superconductivity.

The Coulomb repulsive force of the 4f electron at the same atomic site, U, is so
strong, e.g., U ~ 5 eV in the Ce compounds (see Fig. 2.1), that occupancy of a same
site by two 4f electrons is usually prohibited. In the Ce compounds the tail of the 4f

DOS

Kondo peak
4f'c
spin-orbital

4f°

E, E, - E+U E

. Fig. 2.1 Density of states (DOS) of the 4f electron in the Ce compound (Ce*).

' 5 pa.rt1a1 denS1ty of states extends to the Ferm1 level even at room temperature, and thus
' )« Doy the 4f level approaches the Ferr,m level in energy and the 4 f electrons hybridize strongly
e WIth the conductlon electrons. . This 4 f hybrldlzatlon coupling constant is denoted by

2 ch When U is. strong and. ch is 1gnored the freedom of the charge in the 4f electron
is;s 'pressed while the freedom of the spin is retamed representing the 4 f-localized

- state Naturally, the degree of locahzatlon depends on the level of the 4f electrons Ef,

3
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where larger E; helps to increase the localization. This situation is applied to most of the
lanthanide compounds in which Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction’™
play a predominant role in magnetism. The mutual magnetic interaction between the 4f
electrons occupying different atomic sites cannot be of a direct type such as 3d metal
magnetism, but should be indirect one, which occurs only through the conduction elec-
trons.

In the RKKY interaction, a localized spin S; interacts with a conduction electron with
spin s, which leads to a spin polarization of the conduction electron. This polarization
interacts with another spin S; localized on an ion j and therefore creates an indirect
interaction between the spins S; and S;. This indirect interaction extends to the far
distance and damps with a sinusoidal 2kp oscillation, where kg is half of the caliper
dimension of the Fermi surface. When the number of 4f electrons increases in such a way
that the lanthanide element changes from Ce to Gd or reversely from Yb to Gd in the
compound, the magnetic moment becomes larger and the RKKY interaction stronger,
leading to the magnetic order. The ordering temperature roughly follows the de Gennes
relation, (gs — 1)2J(J + 1). Here g, is the Landé g-factor and J is the total angular
momentuim.

2.1.2 Dense Kondo effect

Contrary to what happens at a large U, higher V. tends to enhance the hybridization
of the 4f electrons with conduction electrons, thus accelerating the delocalization of the
4f electrons. The delocalization of the 4f electrons tends to make the 4f band wide.
When E; > Vg4, the 4f electrons are still better localized and the Kondo regime are
expected in the Ce compounds.

The study of Kondo effect begaa when a low temperature resistance minimum was
found for non-magnetic metals with ppm-order magnetic impurities. Kondo showed the-
oretically that the logarithmic resistivity increase at low temperatures as a result of the
spin-flip scattering of the conduction electrons by the localized magnetic moments of
impurities.? In the 3d based dilute alloys, the magnetic impurity Kondo effects can be
observed only in the case of very low concentration 3d magnetic impurities. This is be-
cause the degeneracy of the localized spins is very important for the Kondo effect. When
the concentration of 3d magnetic impurities is increased, the 3d elements would come
near each other and thus the overlapping or interaction between 3d shells would occur,
which would lift the degeneracy of the impurity spin and suppress the Kondo spin-flip
process.

Since the observation of the p(T) ~ InT dependence in CeAl, by Buschow et al.,?
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many rare earth compounds, in particular, Ce compounds were found to show the anoma-
lous behavior similar to the impurity Kondo effect. In these compounds, the 4f ions have
very high concentration and can even form the crystalline lattice with the anions and
thus it cannot be considered as the impurities. From the appearance of a Kondo-like
behavior, this phenomenon is called the dense Kondo effect.

The property of the dense Kondo effect at high temperatures is the same as that of
the dilute system, but at low temperatures it is quite different in behavior. For instance,
we show the temperature dependence of the electrical resistivity in CeyLa;_,Cug!® in
Fig. 2.2. This resistivity increases logarithmically with decreasing the temperature for all

‘OO LLILLAE DR T T T T Ty T T T T

» CexLaixCus .
: . B J // b —ax i.,s\' . PR

"’.,'T_emp,eratur'be, 1(~ Ky

Fig. 2.2 Température dep‘ehdence of the electrical resistivity in Ce;Laj_;Cug.1 -

range of concentratlon The Kondo effect occurs mdependently at each Ce 31te because :
the slope of the loganthmmally curve is almost proportlonal to the concentratlon of Ce. =
In CeCug the behavior is, however, very different from the dilute: Kondo 1mpur1ty system.
The resistivity increases with decreasing the temperature forms a maximum around’ 15 K
and decrease rapidly at lower temperatures to a unitary hm1t Value ThlS behavmr isin i
contrast to the dilute system charactenzed by a res1st1v1ty Immmum . ,‘ ,
The ma.ny—body Kondo bound state is now understood as follows: For the smlplest e
case of no orbital degeneracy, the loca,hzed spm S (T) is. coupled antlferromagnetmally with
the conduction electrons s(i) Consequently the singlet sta.te {S (1) - s(l ) % S(L) (T)} B TE e
is formed with the bmdmg energy ksTk. Here the Kondo temperature Tk, 1s the smgle SRR RIS
energy scale. In other Words, disappearance of the locahzed moment is thought to be L
due to the formation of a spm-compensatmg cloud of the electrons around the 1mpur1ty
moment.

3
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interaction

Fig. 2.3 Level scheme of the 4f electron in Ce3*.

The Kondo temperature in the Ce compounds is large compared to the magnetic
ordering temperature based on the RKKY interaction. For example, the Ce ion is trivalent
(J = 2) and the 4f energy level is split into the three doublets by the crystalline electric
field, namely possessing the splitting energy of A; and A, as shown in Fig. 2.3. The
Kondo temperature is given as follows:!")

1
T2 = Dex (————————-) when T > Ay, A, 2.1
=D 37D s 1)
and
2 1
= ——— hen T < A, As. 2.2
Tk A1A2Dexp( |ch|D(EF)> when T < A, Ay | (2.2)

Here D, |J.¢| and D(EF) are the band width, exchange energy and the density of states
at the Fermi energy Er, respectively. If we assume Tx ~ 5 K, for D = 10* K, A; = 100 K
and A, = 200 K, the value of T¢ ~ 50 K is obtained, which is compared to the S = %-
Kondo temperature of 10~3 K defined as T2 = D exp(—1/ |Jes| D(EF)). These large values
of the Kondo temperature shown in egs. (2.1) and (2.2) are due to the orbital degeneracy
of the 4f levels. Therefore, even at low temperatures the Kondo temperature is not T
but Tk shown in eq. (2.2).

On- the other hand, the magnetic ordering temperature is about 5 K in the Ce com-
- pounds, which can be simply estimated from the de Gennes relation under the consid-
eration of the Curie temperature of about 300 K in Gd. Therefore, it depends on the
“compound whether‘magnet‘ic ordering occurs at low temperatures or not.
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2.1.3 Heavy fermion system

The ground state properties of the dense Kondo system are interesting in magnetism,
which are highly different from the dilute Kondo system. In the cerium intermetallic
compounds such as CeCug, cerium ions are periodically aligned whose ground state cannot
be a scattering state but becomes a coherent Kondo-lattice state.

The effective mass of the conduction electron in the Kondo lattice of CeCug is ex-
tremely large, compared with the one of the free electron. It is reflected in the specific
heat coefficient v and magnetic susceptibility x(0), which can be expressed as

2n kg
7= = D(E¥) (2.3a)
L i T del 2.3b
== m \reeeectronmo el), (2.3b)
and .
X(O) '—;‘v2/4‘B2:D(EF) : . - o o (2.4a)
- ” - NBzﬂlzfi‘iQm* (free elect'ron mOdel)_,’k ‘, f‘ ;(2'41‘)): | ;‘,"1 | N

where kg is Fermi wave number. These parameters are proportional to the effective mass. -
The electrical resistivity p decreases steeply with decreasing ﬁlie temperature, following a. L i >
Fermi liquid behavior as p-~ AT2 with a large value of the coeﬂic1ent A12) The VA Valuei “ o
is prop01t10nal to the eﬁ"ectlve mass of the carrier m* and thus inversely proportional to o

the Kondo temperature Correspondingly, the electronic spe01ﬁc heat coefficient  roughly - - e
follows the simple relation v ~ 10*/Tk (mJ/K?-mol) because the Kramers doublet of the R
4f levels is changed into the ~ value in the Ce compound o g ' :

Rln2 =/ —dT , . ) ~ - (25)
C=v1, e
thus :

yo BinZ _ 38X J/KZ wmol). @7
Ik Ik R ,

It reaches 1600 mJ / K2-mol for CeCu67) because of a small Kondo temperature of 4
5 K. The conduction electrons possess large effectivé masses and thus move slowly 1:’
"the crystal. Actually in CeRu,Sip an extremely heavy electron- of 120my was detectea :
from the de Haas-van Alphen (dHvA) effect measurements.!®1% Therefore the Kondo:
lattice system is called a heavy fermion or heavy electron system The Ce Kondo—lattlcei :
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102 T T YU IB""B T 3
E CeAla °° 3
t 4 CeCus ;
E 5.4 JoNES & ar (1985 3 10 b CeCupSiy { -
T atst 7 F g
" o e superconducting 7 .
- o ® magnstic CeAly 3 UPt3 o
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a a not superconducting 2 6 L 2-21.0x10 / 4
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3 Al o—a 5 L CePd} / ]
£ ool = £ [ 0o’ Ulng
> = SU,PIC, 3 e *UGaq /
r AUl r C:?-L 3/ 3
N ®CeRu,Si i <
- 32 1 < / 3
L E /
LR /
10 i el Ao i 1 11 L1 /
104 1073 1072 o™ £ CeSny -
X (0} (emu/mote - f- atom) E
Fig. 2.4 The specific heat coefficient versus /\ 6
the susceptibility for some hea 25 =0un0° =
p y vy s, 3
fermion systems. The values are ex- v
trapolated to zero by a variety of
methods. Any free, noninteracting T T
fermion gas would lie on the straight 10? 10° 104

line.1? Y (ml-moi”k?)

Fig. 2.5 A vs v in the logarithmic scale.!®

compound with magnetic ordering also possesses the large v value even if the RKKY
interaction overcomes the Kondo effect at low temperatures. For example, the v value of
CeBg is 250 mJ/K2-mol,'® which is roughly one hundred times as large as that of LaBs,
2.6 mJ/K?-mol.')

A significant correlation factor is thought to be the ratio of the measured magnetic
susceptibility x(0) to the observed v value:

RW E <W217€B2) (/»’/B29J)2<'(](2]+ 1)) ‘

This ratio Ry is called Wilson—Sommérfeld ratio. Stewart!? evaluated Ry for the heavy
fermion system as shown in F1g 2.4. He suggested that in the f electron system Rw
is not 1 but roughly 2. Kadowé.ki and Woods stressed the importance of a universal
relationship between A and + as shown in Fig. 2.5.29 They noted that the ration A/v
has a common value of 1.0 x 1075 pQ2-cm-K?-mol? /mJ2.

(2.8)
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2.1.4 Competition between the RKKY interaction and the
Kondo effect

The Kondo effect can be parameterized by a single energy scale Tx. The hierarchy
of ordering temperatures can be qualitatively understood by a competition between the
Kondo screening and the tendency towards magnetic ordering via RKKY-type indirect
exchange mechanism. The magnitude of an indirect RKKY interaction can be character-

ized by the ordering temperature Trxxy as follows:

Trxxy x |Jef|*D(EF), (2.9)
where
Ver?
FPVRNL 2.
Tt = B E (2.10)

Actually the intensity of this interaction is also dominated by the de Gennes factor and
eq. (2.9) is given by the product with coefficient as (g; — 1)2J(J + 1). This leads to
the phase diagram for a Kondo lattice, originally derived by Doniach® and emphasized
by Brandt and Moshchalkov.® Figure 2.6 is well known as the Doniach phase diagram.
If |J.f|D(EF) is small, the compound becomes antiferromagnet with a large magnetic
moment, while with increasing |J.f|D(Er) both the magnetic moment and the ordering
temperature tend to zero. The critical point where T becomes zero is called a “quantum

Temperature —

/' quantum

| Jof) D(Eg)—

Fig. 2.6 Doniach phase diagram.®)
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critical point”. Above the quantum critical point, Kondo-lattice paramagnets show up
and consequently the f-atom valency becomes unstable, leading to the heavy fermion
system.

The non-Fermi liquid behavior around the quantum critical point is one of the recent
topics in the f electron system. Here, the heavy fermion system is based on the Lan-
dau’s Fermi liquid, where the interacting electron system or the heavy electron system
is related to the non-interacting one by the scaling law without a phase transition. The
characteristic features are p = py + AT?, C/T =~ and x = x(0) at low temperatures, as
mentioned in Sec. 2.1.3. On the other hand, in the non-Fermi liquid system the following
relations are characterized:

p~T™ withm < 2, (2.11)
C/T ~ —logT. (2.12)

Nearby the quantum critical point, Ce intermetallic compounds with an extraordinary
wide variety of possible ground states are found. These include Kondo-lattice compounds
with magnetic ordering (Celns, CeAl,, CeBg), small-moment antiferromagnets (CePd5Si,,
CeAls), an anisotropic superconductor (CeCusSis), no-ordered Kondo-lattice compounds
or the heavy fermion compounds (CeCug, CeRuySis) and valence fluctuation compounds
(CeNi, CeRhs, CeRus, CeSnj).

We note the non-magnetic Ce compounds at low temperatures. In CeCug and
CeRu,Sip with a small Kondo temperature, there exist no magnetic ordering but antifer-

romagnetic correlations between the Ce sites,?") showing the metamagnetic transition in

the magnetic field: H. = 2 T in CeCug?® and 8 T in CeRuySis.?®) The results of dHvA
experiments'4 2423 and the band calculations® in CeRu,Siy show that 4f electrons are
itinerant. Namely the 4f electrons in Ce ccmpounds such as CeSnj with a large Kondo
temperature, which belong to the valence-fluctuation regime, are also itinerant in the
ground state and contribute directly to the formation of the Fermi surface.?”28)

Finally we also pay attention to the non-magnetic Ce compounds to clarify the magni-
tude of Kondo temperature reflected in the magnetic susceptibility. Figure 2.7 shows the
temperature dependence of the magnetic susceptibility in some Ce compounds without
magnetic ordering: CeCug (Tx = 3-4 K), CeRusSis (20 K), CeNi (150 K) and CeSnj
(200 K). The magnetic susceptibility in these compounds follows the Curie-Weiss law at
higher temperatures, possessing the magnetic moment near Ce3* of 2.54ug, while it be-
comes approximately temperature-independent with decréasing the temperature, namely
showing a broad maximum and then forming enhanced Pauli paramagnetism. The tem-
- perature indicating the peak of the susceptibility almost corresponds to the characteristic
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Fig. 2.7 Temperature dependence of the magnetic. suscepmblhty for typlcal Ce com-
pounds. . .

temperature Tx. The valence of Ce atoms seems to be changed from Ce3+ into Ce‘“’ (non-
magnetic state) with decreasing the temperature o .

2.1.5 Pressure induced superconductivity

Unconventional superconductivity has been an active area of research for several -
decades, ever since the discovery of the first heavy fermion superconductor, CeCugS12
Recently, some Ce-based heavy fermion compounds were found to exhibit superconduct—
ing under pressure, such as Celns and CePd,Si,®? as shown in Figs. 2.8 and 2.9. Iz_;_these
compounds, superconductivity appears around the quantum critical point (see Fig. 2.6).
The similar pressure-induced superconductivity was also reported for the other Ce-based
compounds such as CeCuyGe,,3?) CeRh,Sip®*3% ‘and CeRhIn5 34) In these superconduc—
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Fig. 2.8 Temperature-pressure phase dia- Fig. 2.9 Temperature-pressure phase dia-
gram of CePd;Siy. Superconductiv- gram of Celnz. Superconductivity is
ity appears below 7. in a narrow observed in a narrow window near
window where Néel temperature Tn De, the pressure at which the Néel
tends to absolute zero.3?) temperature Ty tends to absolute

30)
Zero.

tivity, the attractive force between quasiparticles are possible to be magnetically medi-
ated, not to be phonon-mediated.

As mention above, pressure induced superconductivity had been discovered in the an-
tiferromagnetic Ce compounds. Surprisingly, Saxena et al.>® found the pressure induced
superconductivity in a ferromagnet UGe,. In this case, superconductivity appears inside
the border of ferromagnetism. - ~

2.1.6 Fermi surface study

Fermi surface studies are very important to know the ground-state properties of the
rare earth compounds.®) As mentioned in Sec. 2.1.4, the ground state of the Ce com-
pounds is mainly determined by the competition between the RKKY interaction and the
Kondo effect (see Fig. 2.6). When Trxky overcomes Tk, the ground state is the mag-
netic ordered one and 4f electron is regarded as localized. On the other hand, when
Tk is dominant, the ground state is the non-magnetic one and the 4f electrons become
itinerant.
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Fig. 2.10 Temperature-pressure phase diagram of UGey. Tt denotes the Curie tempera-
ture and T} the superconducting transition temperature.3%

In the 4f-localized system, the Fermi surface is similar to that of corresponding La
compound, but the presence of 4f electrons alters the Fermi surface through the 4f-
electron contribution to the crystal potential and through the introduction of new Bril-
louin zone boundaries and magnetic energy gaps which occur when 4 f-electron moments
order. The latter effect may be approximated by a band-folding procedure where the
paramagnetic Fermi surface is folded into smaller Brillouin zone based on the magnetic
unit cell, which is larger than the chemical one. If the magnetic energy gaps associated
with the magnetic structure are small enough, conduction electrons undergoing cyclotron
rnotlon in the presence of magnetlc field can tunnel through these gaps and circulate the
orbit on the paramagnetlc Fermi surface. If this magnetic breakthrough (breakdown)
effect occurs, the paramagnetlc Fern:u surface may be observed in the dHvA effect even

i m the presence of magnetlc order

For Kondo—lattlce compounds Wlth magnetlc ordermg, the Kondo effect is expected
to have mlnor 1nﬁuence on the topology 'of the Fermi surface, representing that the
Fermi surfaces of the Ce compounds are roughly similar to those of the corresponding La
' compounds but : are altered by the magnetlc Brillouin zone boundaries mentioned above.
" Novort‘helg;s‘s‘th_e,eﬁeqmy_emmqs“seis of the conduction carriers are extremely large compared
to those of La- Compounds‘ In this system a small amount of 4f electron most likely
contributes to make a sharp den31ty of states at the Fermi energy. Thus the energy band
becomes ﬁat a,round the- Ferm1 energy, which brings about the large mass.
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In some Ce compounds such as CeCug, CeRu,Siy, CeNi and CeSns, the magnetic
susceptibility follows the Curie-Weiss law with a moment of Ce®t, 2.54up/Ce, has a
maximum at a characteristic temperature Tymax, and becomes constant at lower temper-
atures (see Fig. 2.7). This characteristic temperature Tymax corresponds to the Kondo
temperature Tk as mentioned in Sec. 2.1.4. A characteristic peak in the susceptibility is
a crossover from the localized 4 f electron to the itinerant one. The Fermi surface is thus
highly different from that of the corresponding La compound. The cyclotron mass is also
extremely large, reflecting a large v-value of v ~ 10*/Tk (mJ/K2-mol).

2.2 Characteristic Properties of CeRh,Si,

CeRh,Si; have the tetragonal (ThCroSis-type) crystal structure with space group
I4/mmm (D]), which is shown in Fig. 2.11. The lattice parameters are a = 4.09A and
¢ = 10.18A4.36:37)

' Fig. 2.11 Crystal structure of CeRhsSip.
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Fig. 2.12 Temperature dependence of the magnetic susceptibility and inverse susceptibil-
ity of CeRh3Si,.39)

Figure 2.12 shows the temperature dependence of the magnetic susceptibility in
CeRh,Sis.%) The susceptibility follows the Curie-Weiss law x = C/(T —6,) above 130 K.
A paramagnetic Curie temperature is a large negative value of §, = —72 K and an effec-
tive moment is peg = 2.9up per cerium ion, which is about 20% larger than the moment
of the value of free Ce®*, 2.54up/Ce. This difference is mainly due to a large crystalline
electric field (CEF) effect. The susceptibility exhibits a cusp-like peak at Ty; = 37 K,
which is due to antiferromagnetic ordering.

Grier et al. performed the neutron diffraction experiments on CeRhySi;.3” Two mag-
netic transitions were observed. The first occurs at Ty = 39 K, with the appearance of
peaks corresponding to a (% % 0) magnetic structure. The ratio of the integrated intensity
of the (3 30) peak to that of the (312) is 2.60.2 compared to a calculated ratio of
2.63 for a (3 1 0) ordering with the spins in the c-axis, the [001] direction. The second
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transition occurs at Ty, = 27 K. At this temperature peaks which can be indexed on the

basis of a (5 3 ) magnetic structure appear. The (3 3 0) peaks begin to decrease as the

2
temperature is lowered, but level off and remain relatively constant below 25 K.

Recently, Kawarazaki et al. studied the neutron diffraction experiments at ambient
pressure and under high pressure.?® Figure 2.13 shows the plots of the peak intensities
of the reflections from the single-crystalline sample as a function of temperature. We
can see that the intensity ratio of the reflections at g = (110), ¢7 = (1,10) and
g2 = (333) at the lowest temperature is 1:1:2 within an experimental error. They
suggested that the magnetic structure at lower temperature than Ty, is 4-q structure as
shown in Fig. 2.14. In this configuration, the magnitude of moment at the corners and
the centers are calculated to be 1.42ug and 1.34ug, respectively.

Figure 2.15 shows T; and Tno as a function of applied pressure. In this figure, we
can see that both Ty; and Ty, decrease with increasing pressure and the system becomes
non-magnetic under pressure greater than the critical pressure p. = 1.1 GPa and also
that the change of Ty is very steep around p..

Figure 2.16 shows the temperature dependence of the electrical resistivity at various

1.2 S — S—
1 [CeRn,Si, | |
1f 1 P=0}—]
i 2 ]
P gy \
& 0.8 o3 S
E 3
= 0,
2 0.5 g
> ol %
x L . iiq
‘:‘10.4-9 e Gi/ 1”5~ )
i o1 ¢
0.2} 5%0 %%0 8
(a,%) i{ay) , "? .
0 <P00004<>~m

0 5 10 15 20 25 30 35 40
temperature, T (K)

Fig. 2.13 The temperature dependences of Fig. 2.14 The spin configuration of the 4-q

the intensities of the three magnetic structure of CeRh,Si,.3®
Bragg reflections from the single-

- crystalline CeRhySis at ambient
pressure. The intensities have been
corrected so that they represent the
product of the relative domain vol-
ume Vp/Vp, and the square of the
magnetic moment.38)
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Fig. 2.15 The saturated sublattice moment (per cerium atom) and the transition temper-
atures as functions of the applied pressure.3®)
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Fig. 2.16 (a)Electrical resistivity p versus temperature for CeRh,Siz at various applied
pressures. (b)Expanded view of the low temperature variation of p(T’).3?
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Fig. 2.17 P-T phase diagram of CeRh;Si,.

Open symbols represent the an-
tiferromagnetic ordering transition
Tn(P). Solid symbols are T.(P)
points of the superconducting tran-
sitions obtained the onset of sup-
pression of resistivity for several
samples that are represented by dif-

T (mK)

Fig. 2.18 Magnetic field at the onset of

suppression of resistivity (solid
squares) and the midpoint of the
transition (open circles) as a func-
tion of temperature at a pressure
of 11.0£0.3 kbar. Inset, supercon-
ducting transition displayed in re-
sistivity data at 11.0+0.3 kbar.33)

ferent symbols. Notice the differ-
ent temperature scales for the two
phase transitions.33

applied pressures. At ambient pressure the Néel temperature is indicated by a sharp drop.
With increasing pressure, Ty moves rapidly to lower temperatures; at 12.4 kbar, there is
no obvious evidence for a magnetic transition. As shown in Fig. 2.16(b), at ambient and
7.3 kbar pressures, the resistivity increases approximately as 72, but once antiferromag-
netic order is suppressed, a Fermi-liquid 7-dependence develops over a low-temperature
interval that increases with pressure and with a slope that decreases correspondingly.

The pressure dependence of Ty, plotted in Fig. 2:17 by solid symbols, shows that
Tn — 0 is attained at a critical pressure p. = 9 £ 1 kbar. The inset of Fig. 2.18 shows
the temperature dependence of the resistivity at 11.040.3 kbar. The superconducting
resistivity drop occurs at 350 mK. The pressure dependence of the superconducting tran-
sition temperature 7T, is plotted in Fig 2.17 by open symbols. The superconductivity
appears around p.. Figure 2.18 shows the superconducting phase diagram, namely the
temperature dependence of upper critical field H.y, which is defined as an onset and a
midpoint of the resistivity drop, H* and H.

The inset in figure 2.20 shows the magnetic specific heat Cpy(T) = Ccern,sip(T) —
ClLaRn,si;(T') divided by temperature, Cy,/T, and the corresponding magnetic entropy
S(T) of CeRh,Siz.3 The peak in Cy/T at 35 K corresponds to the onset of antiferro-
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Fig. 2.19 Magnetic specific heat Cy, divided

by temperature as a function of a

logarithmic scale for CeRh2Siz at

various pressures. The inset is a : .

plot of Cip, /T vs T for CeRh2Si; at of Tn(P) norm.ahzed to its P = 0

ambient pressure. The solid curve value for two different samples. In

is the magnetic entropy, and the b.oth cases, the dottedsg;:onstruc_
dotted horizonal line corresponds tions are guides to eyes.

t0 Sm = RIn2.39

Fig. 2.20 Linear-in-temperature specific heat
coefficient v of CeRh3Si; as a func-
tion of pressure. The inset is a plot

magnetic order, as also found in the magnetic susceptibility. Moreover, there is a kink
in Cp/T around Tys = 25 K, which corresponds to the transition of magnetic struc-
ture. The entropy reaches almost full RIn2 at Ty;, consistent with magnetic ordering
in a doublet ground state. Quasielastic neutron scattering®? gives a Kondo temperature
Tk = 33 K just above Ty;. Consequently, most of the magnetic entropy should be associ-
ated with ordering of the 4f moments. In the absence of ordering, the electronic specific
heat coefficient can be estimated from v = (N — 1)mR/6Tk, where N is the groundstate
degeneracy (N = 2 in this case) and R is gas constant. From this single Kondo impurity
relationship, v = 130 mJ/K?-mol was calculated. The observed T linear contribution to
Cr at low temperatures was 22.8 mJ/K2-mol. This large reduction of 7 in the ordered
state is found commonly in Ce-based magnets and may be attributed to the existence of
a large internal magnetic field produced by the 4 f-moment ordering that quenches, at
least partially, Kondo-like spin fluctuations.

Figure 2.19 shows the effect of pressure on Cp,/T at T < 10 K. With the application
of pressure, there is qualitative increase in Cp,/T at all temperatures. However, for
higher pressures, v does decrease, approximately linearly, with increasing pressure. The
linear-in-pressure constructions in Fig. 2.20 shows that the crossover from 3v/9P > 0 to
0v/0P < 0 occurs very near p.. Qualitatively, this behavior of v(P) can be understood
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on the basis of Doniach model (Sect. 2.1.4).

The de Haas-van Alphen (dHvA) measurements were carried out by Abe et altY

CHAPTER 2. REVIEW

Figure 2.21 shows the angular dependence of the dHvA frequencies.

that of most branch was not determined.

Many branches
were observed, but most branches were observed only slight angle region centered at
symmetrical axis. The cyclotron effective mass determined range from 0.44 to 4.4my, but

dHvA Frequency (T)

1| (001) ‘ (110)

(010)

L -

" )

[100] [110] [001]

Fig. 2.21 Angular dependence of the dHvA frequencies in the measurement field region
from 2 T to 16 T. The inset figure indicates the expanded plot of the £-, o- and

w-branches in a dotted rectangle.4t)
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2.3 Characterlstlc Propertles of CeN i
CeNi have the orthorhombic (CrB-type) crystal structure with space group Cmem,

which is shown in Fig. 2.22. The lattice para.meters are a = 3.77A b = 10.46A and
c=4.37A.42

o

Fig. 2.22 Crystal structure of CeNi.

Figure 2.23 shows the temperature dependence of the magnet‘ic; susceptibility of
CeNi.*® The magnetic susceptibility is anisotropic, reflecting the CEF effect. At higher
temperatures than 180 K, the susceptibility follows the Curie-Weiss law, but a Curie
constant is lower than that of a free Ce3* ion, indicating an intermediate valence. The

susceptibility makes a broad maximum around 140 K and decreases with decreasing tem—
perature.

4

tE T 3

j g ~

?g S P00 kbar 7

> £ 2

E T

.5; = Pe3 kbar .

& —

g el Pe5 kbar. =

i 0co0- : "“"‘,'dt'°’~,?-r~v-~‘.--—-—-—-—~——'*'“" —1
BB L I ] o) T"'_Eo . 00 . 50 100 150 200 250

TEMPERATURE (K) L » . Temperature (K)

Fig. 2.23 Temperature dependerice  of the rd'Frg 2 24 Temperature dependence of the .

magnetic susceptibility of CeNl (o), P “ +i magnétic susceptibility of CeNi for
and LaNi (0).4® .~ | Ce - the field along  the- c-axis- under
R ,’ S 44)

pressures




22 CHAPTER 2. REVIEW

200 v g v r v
CeNi

~ 150+t

L

43 100+ X(P) c axis

% v X(T} c axis

=8

g o0 R{P c axis

— 507

» X(P) a axis
! + A(T) a axis
t
0% 5 4 5 8

Pressure (kbar)

Fig. 2.25 T-P diagram of the low and high magnetic states in CeNi.*%

Figure 2.24 shows the temperature dependence of the susceptibility under pressure.
A drastic drop of the susceptibility takes place around 150 K at 5 kbar and around
100 K at 3 kbar. It corresponds to a first-order transition with a large hysteresis of a
temperature interval (~ 25-30 K). We note the susceptibility at low temperatures. At
ambient pressure, it is 2.1 X 10™% emu/mol, with increasing pressure, it decreases and
becomes 0.8 x 1072 emu/mol at 5 kbar. The pressure-temperature phase diagram is
shown in Fig. 2.25, in which the data correspond to the mean values of transition width.
The extrapolation of the transition line at lower temperatures indicates a critical pressure
Pc =~ 1.3 kbar at T = 0. The authors pointed out that this transition is analogous to the
y~a transition found in cerium metal.4?)

Figure 2.26 shows the temperature dependence of the specific heat.*3) As seen in an
inset of Fig. 2.26, the magnetic part of the specific heat exhibits a maximum at 120 K,
which almost coincides with the susceptibility maximum. The electronic specific heat
coeficient is v = 65 mJ/K?-mol for CeNi and 5 mJ/K2-mol for LaNi.*6)

Uwatoko et al. measured the thermal expansion coefficient of CeNi under pressure.*”)
The thermal expansion coefficient at low temperatures is expressed by the following equa-
tion:

a

T=A+BW, (2.13)

where the first term is the electronic and the magnetic contributions, and the second one
is the phonon contribution. In Fig. 2.27, the values of a./T are plotted as a function
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Fig. 2.26 Temperature dependence of the specific heat in CeNi and LaNi.*3)

of T? for CeNi below 30 K under pressure. By a linear extrapolation of a./T to 0 K,
the value of a./T(T = 0) = A, which is proportional to the density of state at Fermi
level D(Ef), was obtained. The A value is shown in Fig. 2.28 as a function of pressure.
The decreasing rate in the magnitude of A below 5 kbar is larger an that above 10 kbar.
This suggests- that the decrease in A saturates at hlgh pressure. The present decrease
corresponds- to a decrease of D(Eg) by applymg pressure.- ‘In other words, Tk increases
with increasing pressure because D(Ey).is roughly proportmnal to Tx ™"

Figures 2.29-2.31 show the transverse magnetoresistance Ap/p = = [p(H)—p(0)]/p(0) in
the a-, b- and c-planes, respectively. 'In the ﬁgures (a)- shows the angular dependence of
Ap /p and (b) shows the field dependences for certain char actenstlc dlrectlon of the field,
where p(0) is the residual res1st1v1ty The magnetores1stance 1ncreases w1th 1ncreas1ng ﬁeld
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a-plane of CeNi.48) b-plane of CeNi.4®)

over the wide angle region, following H'!=14, although for several particular configuration
of the field and the current, the field dependence is not smooth, as shown in Figs. 2.30
and 2.31. This behavior claims that this substance is a compensated metal with equal
carrier conecentration of electrons and holes. This is consistent with a simple expectation
that CeNi possesses an even number of electrons because there exist four molecules of
CeNi in a chemical unit cell. The magnetoresistance saturates above 100 kOe, being
proportional to H%6=%8 for the following configurations: the field H is directed along
the b- and c-axes with the current J along the a-axis, and the field is along the a-axis with
the current along the c-axis. Therefore, the open orbits exist along the b- and c-axes.

The study of the dHvA experiments were performed.*®) Figure 2.33 shows the typical
dHvA oscillations and fast Fourier transformation spectra at 0.43 K in the field along the
b-axis. Four dHvA branches were observed. Figure 2.34 shows the angular dependence
of dHvA frequencies. Solid lines indicate the experimental result in LaNi.
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Fig. 2.33 de Haas-van Alphen oscillations
and fast Fourier transformation
spectra at 0.43 K in CeNi.4®)
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3 Experimental
3.1 Sample preparation

3.1.1 CeRhQSiQ

Single crystal growth

Starting materials of CeRhySi; were 4N(99.99% pure)-Ce, -Rh and 5N-Si. The Ce-
metal block was cut by a spark cutter or diamond cutter and etched chemically. An
etching liquid for Ce is a 1:3 mixture of nitric acid and water. The Rh-powder was
compressed into small plates because the powder is not suitable for arc-melting. Then,
these plates were melted into pellets in an arc furnace.

The melting point of CeRh,Si; is high, 1983 K.*®) A Czochralski (CZ) pulling method
in an arc furnace is the best method for the single crystal growth of CeRh,Sis, because a
Cu hearth, which corresponds to the crucible, is water-cooled one and Ce, Rh and Si are
low-vapor pressure materials. The schematic view of the arc furnace is shown in Fig. 3.1.
It has four torches to improi/e a st’ab;ility‘ of the temperature of the melted material.

Arc melting has ‘been 'c‘lofle urlder ‘high-quality (6N) argon gas atmosphere. The melt-
ing procedure was" repeated several tlmes to ensure the sample homogeneity. The first
seed crystal of CeRh2812 was obtamed from the pellet Therefore the first seed was poly-
crystalline. The smgle seed—crystal Was grown. by ‘using the first seed by the CZ pulling
method. If there are a few grams in a seed crystal the obtamed ingot also. possesses the
saIme grains. Therefore the necking procedure is lmportant A typrcal necking diameter
was about 1 mm, while a typical diameter of ythe, ingot was 3-4 mm. The growth rate
was 10 mm/h ‘to avoid stacking faults in the sample. ‘We kept this speed all over the
- time and did not rotate both the seed ‘and hearth to avoid stacking faults in the sample
Figure 3.2 shows a photograph of Cehaslg 1ngot with 50 mm in length. '

. Determ.lnatlon of the crystallographlc dlrectlon of the sample

o We characterrzed all the obta.med sa.mples by the X-ray La.ue method We show the R
~ Laue patterns for the (001), (100) and (110) planes of CeRhQS12 in Fig. 3.3. If both ends : oy
of an ingot show the same pattern, Dprecisely we should obtain a mirror image: the ingot . "~

is regarded as a s1ng1e crystal ‘As a matter of fact the tale side was- usually not good
- containing stacking faults. ’ e

“After determlmng a sample d1rect10n we cut the sample by an electrode spark cutter

27
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Fig. 3.1 Illustration of the tetra-arc furnace.

Fig. 3.2 Photograph of a CeRh,Si, ingot.
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3.1.2 CeNi
Single crystal growth

The starting materials of CeNi were 4N(99.99% pure)-Ce and 5N-Ni. The Ni-rod was
cut by a handsaw, burnished by a grinder, and then etched chemically at about 70°C.
An etching liquid for Ni is a 5:10:2 mixture of nitric acid and phosphoric acid and water.
A seed crystal was obtained by an arc-melting polycrystalline CeNi metal.
 The phase diagram of Ce-Ni alloys is shown in Fig. 3.4. CeNi is a congruent melting
compound and the melting point is 680°C. The single crystal of CeNi was grown by the
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Fig. 3.4 Phase diagram of Ce-Ni alloys.

CZ pulling method in an rf furnace under He gas atmosphere. He gas was purified by
a liquid nitrogen trap and the gas pressure was 3.5 kg/cm?. Figure 3.5 shows a block
diagra.m of the rf furnace. A tungsten crucible, which is supported by a tungsten bar
standing on the stainless table, is heated by a rf-water-cooled working coil. These are
surrounded with a quartz-glass thermal-insulator wall.

The" tungsten ci'ucible was heated up to the temperature slightly higher than the
melting point. The Ni metal and the tungsten crucible reacts when the temperature is
hi"gher.‘than 1000°C. Fortunately, this is no problem in the present case, because a melting
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Fig. 3.6 Photdgr’aiéh of a.CeNi ingot.
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Fig. 3.7 Laue patterns for the typical planes of CeNi. (a) (100) plane, (b) (010) plane

and (c) (001) plane.
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point of CeNi is lower than 1000°C. After melting of the starting materials, a seed crystal
was inserted into the melt and then pulled out to grow a single crystal ingot. The pulling
speed was 10 mm/h with rotation of 1 rpm, while a typical diameter of the ingot was
4 mm. Figure 3.2 shows a photograph of CeNi ingot with 70 mm in length.

Determination of the crystallographic direction of the sample

We characterized all obtained samples by the x-ray Laue method. We show the Laue
patterns for the (100) (a-), (010) (b-) and (001) (c-) planes of CeNi in Fig. 3.7.
After determining a sample direction, we cut the sample by an electrode spark cutter.

3.2 Experimental method

3.2.1 Electrical resistivity

Introduction to the electrical resistivity

An electrical resistivity consists of four contributions: the electron scattering due to
impurities or defects pg, the electron-phonon scattering Pph, the electron-electron scatter-
ing pe-e and the electron-magnon scattering pmag:

P =po+ Pph T Pe—e + Pmag- (31)

This relation is called a Matthiessen rule.

The py value, which originates from the electron scattering due to impurities and de-
fects, is constant for a variation of the temperature. This value is important to determine
whether an obtained sample is goo or not, because if py is large, it contains many impuri-
ties or defects. A quality of a sample can be estimated by determining a so-called residual
resistivity ratio (RRR = prr/po), where prr is the resistivity at room temperature. Of
course, a large value of RRR indicates that the quality of the sample is Eood. We will
introduce a scattering lifetime 7y and a mean free path Il from the residual resistivity.
The residual resistivity po can be written as

LT m* 1

il 2
ne Tty (3.2)

Po =

- where 7 is a‘density of carrier and e is the electric charge. Then 7o and Iy values are
oy

(3.3)
Bk

'lO)’_?’UFTO =. .

(3.4)
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The temperature dependence of py,, which is originated from the electron scattering
by phonon, is monotonously. The value of ppn is proportional to T above the Debye
temperature, while it is proportional to 7 far below the Debye temperature, and Pph Will
be zero at T = 0.

In the strongly cerrelated electron system, the contribution of Pe—e, Which can be
expressed in terms of the reduction factor of the quasiparticles and the Umklapp process,
is dominant at low temperatures. Therefore, we can regard the total resistivity in the
non-magnetic compounds at low temperatures as follows:

p(T) = po + pe—e(T)
= po + ATzﬁ (35)

where the coefficient /A is proportional to the effective mass. Yamada and Yosida
obtained the rigorous expression of pe_. in the strongly correlated electron system on the
basis of the Fermi liquid theory.!? According to their theory, pe—e is proportional to the
imaginary part of the f-electron self-energy Ak. This Ak is proportional to the square
of the enhancement factor and gives a large T2-resistivity to the heavy fermion system.

In a magnetic compound, an additional contribution to the resistivity must be taken
into consideration, namely pmas. This contribution describes scattering processes of con-
duction electrons due to disorder in the arrangement of the magnetic moments. In general,
above the ordering temperature Tord, Pmag is given by

3rNm*

— 2 _ 2
pma.g - 2h€2EF I‘]Cfl (g-] 1) J(J + 1) (36)

When T = Tyd, pmag sShows a pronounced kink, and when T < Ti4, pmag strongly
decreases with decreasing temperature. The magnetic resistivities in the lanthanides,
however, are _ascribed to strong scattering of the conduction electrons by the spin fluctu-
ations of 4f electrons. This contribution to the resistivity at low temperatures is given
by the square of the temperature, namely pmag = A’T>. In the heavy fermion system, the
coefficient A’ is extremely large. Therefore pyag and pe_. are inseparable and pmae can
be replaced by p._.. An analogous situation occurs to the specific heat. Namely, in the
heavy fermion system, the magnetic specific heat Cpag is changed into a large electronic
one YT

Experimental method of the electrical resistivity

We have done the resiétjvity measurement using a standard four probe dc current
method. The sample is fixed on a plastic plate by a GE7031 varnish. The gold wire with
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0.025 mm in diameter and silver paste were used to form contacts on the sample. The
sample was mounted on a sample-holder and installed in a *He cryostat. We measured the
resistivity from 1.3 K to the room temperature. The thermometers are a RuO; registor at
lower temperature (below 20 K) and a Au-Fe-Ag thermocouple at higher temperatures.

3.2.2 Specific heat

Introduction to the specific heat

At low temperatures, the specific heat is written as the sum of electronic, lattice and
magnetic contributions:

C = Co+ Con + Crag
= 7T + BTB + Cmaga

where v and (3 are constants characteristic of the material. Here we neglect the nuclear
contribution.

The electronic term is linear in 7" and is dominant at sufficiently low temperatures.
If we can neglect the magnetic contributions, it is convenient to exhibit the experimental
values of C as a plot of C/T versus T
g =+ T2 (3.9)
Then we can estimate the electronic specific coefficient v. Using the density of states,
the coefficient v can be expressed as

2
V= —é‘kB D(Er). (3.10)

Since the density of states based on the free electron model is proportional to the electron
mass, the coefficient v possesses an extremely large value in the heavy fermion system.

According to the Debye T2 law, for T < ©p ’ ‘ ‘ '

4 3
Con =~ -1-2-—7r5N—kB <@£D) = T3, (3.11)
where Op is the Debye temperature, IV is the number of atoms. For the actual lattices
the temperatures at which the T2 approximation holds are quite low. It may be necessary
to be below T = ©p /50 to get a reasonably pure T3 law.

If the f-energy level splits due to the crystalline electric field (CEF) in the paramag-
netic state, the inner energy per one magnetic ion is given by
;i E;exp(—E;/kgT)

2
Ecer = (E) = Y iexp(—E;/kgT)

(3.12)
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where E; and n; are the energy and the degenerate degree on the level 7, respectively.
The magnetic contribution to the specific heat is given by

OEcEF

oT .~
This contribution is called a Schottky term. Here, the entropy of the f electron S is
defined as

Coeh = (3.13)

T
C’sch
S= ‘/O TdT. (3.14)
The entropy is also described as
S=RInW, (3.15)

where W is a state number at temperature 7'. Therefore it acquires information about
the CEF level.
In the magnetic ordering state Cpag is

Cruag & T¥?  (ferromagnetic ordering) (3.16)

x T®  (antiferromagnetic ordering). (3.17)

Experimental method of the specific heat

The specific heat was measured by the quasi-adiabatic heat-pulse method using a “He
cryostat at temperatures down to 1.5 K. The sample was put on the Cu-addenda. We
measured the temperature of a sample with constant heating, and the specific heat is
deduced as follows:

AQ IVAt
AT ~ AT
Here, AQ is the amount-of heat, I and V' are the current and the voltage flowing to the
heater, respectively, At is the duration of heating and AT is the change of temperature

C= (3.18)

due to heating. The temperature was measured by the RuO, resistor at the addenda.
The specific heat of the sample is derived by subtracting the specific heat of the addenda
measured.

3.2.3 Thermal expansion coefficient

Introduction to the thermal expansion coefficient

The thermal expansion coefficient « is closely related to the specific heat as follows:

r
o= 3BTVO’

(3.19)
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where I is a Griineisen parameter, By is bulk modulus and V is volume. From eq. (3.7),
« is expressed as in the specific heat:

Q= Qe + Qph + Omag- (3.20)

Experimental method of the thermal expansion coefficient

The thermal expansion coefficient were measured by a capacitance method. For an
ideal plate capacitor with area A and distance d, the capacitance is expressed as follows:

C= sreoé,

d (3.21)

where &9 = 8.854 x 107! Fm~! and ¢, is the dielectric constant of the medium. Here Er
can be regarded as equal to 1. In the case of circular plates with radius 7, the distance
between the capacitor plates is

2
d= 60%—. (3.22)

Therefore a change in the distance of the plates is

202 - C'1

A dy = — —_
d d2 1 = —E&gTT 02 C’l

(3.23)

Since the Ad is equal to the length change AZ of the sample Al can be determined by
mea.surmg the- capaatance of the cell : ‘

- iF capacitor plate

: : .- sample

=

AGAA |
A=A Ae "" 5

‘ Flg 3.8 Schematic view of the capacitance cell.:




38 o CHAPTER 3. EXPERIMENTAL

3.2.4 de Haas-van Alphen effect

Introduction to the de Haas-van Alphen effect

Under a strong magnetic field, the orbital motion of the conduction electron is quan-
tized and forms Landau levels.’® Therefore various physical qualities shows a periodic
variation with H~! since increasing the field strength H causes a sharp change in the
free energy of the electron system when Landaus level cross the Fermi energy. In a
three-dimensional system this sharp structure is observed at extremal areas in k-space,
perpendicular to the field direction and enclosed by the Fermi energy because the density
of state also becomes extremal. From the field and temperature dependence of various
physical quantities, we can obtain the extremal area S, the cyclotron mass m; and the
scattering lifetime 7 for this cyclotron orbit. The magnetization or the magnetic suscep-
tibility is the most common one of these physical quantities, and its periodic character
is called the de Haas-van Alphen (dHvA) effect. It provides one of the best tools for the
investigation of Fermi surfaces of metals.

The theoretical expression for the oscillatory component of magnetization My, due
to the conduction electrons was given by Lifshitz and Kosevich as follows:

(=), . [2nTF;
qug = Z Z 7372 Ai Sin 24 + ,81; , (3248,)
ags ~1/2
A; < FHY*|—=|  RrRpRs, : (3.24b)
' Oky
' armiT/H
Rr_r " sinh(armiT/H)’ (3:24¢)
Rp = exp(—armTp/H), (3.24d)
Rs = cos(mgirmy; /2my), (3.24e)
- 27(‘2/6]3
a=— (3.24f)
Here the magnetization is periodic on 1/H and has a dHvA frequency F;
, ) .
B=gnS (3.25)

=1.05x 1072 [T - cm?] - S;,

which is directly proportional to the i-th extremal (maximum or minimum) cross-sectional
area S; (¢ = 1,...,n). The extremal area means a gray plane in Fig. 3.9, where there
is one extremal area in a spherical Fermi surface. The factor Ry in the amplitude A; is
related to the thermal damping at a finite temperature 7. The factor Rp is also related
to the Landau level broadéning kg7p. Here Tp is due to both the lifetime broadening'
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Fermi surface

dHvA frequency 'VV\N\MW\NVV\N V\’\(\/\M\I\I‘M

— /H

@ (b)

Fig. 3.9 Simulations of the cross-sectional area and its dHvA signal for a simple Fermi
surface. There is one dHvA frequency in (a), while there are three different
frequencies in (b).

and inhomogeneous broadening caused by impurities, crystalline imperfections or strains.
The factor Tp is called the Dingle temperature and is given by

o

.
ok (3.26)
=122 x 10712 [K-sec] - 77*

Tp =

The factor Rg is called the spin factor and related to the difference of phase between the
Landau levels due to the ’Zeemﬂa‘n split. When g; = 2 (a free electron value) and m? =
0.5my, this term becomes zero for r = 1. The fundamental oscillation vanishes for~all
values of the field: This is called the zero spin splitting situation in which the up and down
~ spincontributions to the oscillation. cance‘lled out, and this can be useful for determining
- the value of g;. Note that in this second harmomcs for 7 = 2 the dHvA oscillation should
show a full amplitude. The quantity {628 / 8kH21 1/2 is called the curvature factor. The

- rapid change of cross—sectlonal area around the extremal area along the field direction

- diminishes: the deA amphtude for. this extremal area.
_The detectable conditions'of deA effect are as follows

) The dlstance between the Landau leVels ﬁw must be larger than the thermal broad-
emng w1dth kBT g << kBT (hlgh ﬁelds low temperatures)
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2) At least one cyclotron motion must be performed during the scattering, namely
wer /27 > 1 (high quality samples). In reality, however, it can be observed even if
a cyclotron motion is about ten percent of one cycle.

3) The fluctuation of the static magnetic field must be smaller than the field interval
of one cycle of the dHvA oscillation (homogeneity of the magnetic field).

Shape of the Fermi surface

The angular dependence of dHvA frequencies gives very important information about
a shape of the Fermi surface. As a value of Fermi surface corresponds to a carrier number,
we can obtain the carrier number of a metal directly.

We show the typical Fermi surfaces and their angular dependences of dHvA frequencies
in Fig. 3.10. In a spherical Fermi surface, the dHvA frequency is constant for any field
direction. On the other hand, in a ellipsoidal Fermi surface such as in Fig. 3.10(b), it
takes a minimum value for the field along the z-axis. These relatively simple shape Fermi

© N

dHvA Freqhency

Field Angle

Fig. 3.10 Angular dependence of the dHvA frequency in three typical Fermi surfaces
(a) sphere, (b) cylinder and (c) ellipsoid.
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surfaces can be determmed only by the experiment. However, information from an energy
band calculation is needed to determine a comphcated one.

Cyclotron effectivé mass:

We can determine the cyclotron effectlve mass m} from the measurmg a tempera,ture
dependence of a dHvA amphtude Equatlon, (3. 240) is transformed into

T —am?, a L
In {Ai [1 — exp (—%—n——)} /T} ',C’ch’»T +const. - - " (3.27)

Therefore, from the slope of a plot of lh{Ai[l—exp(~2)\m:iT/ H )] /T} VersusT at co’n‘Stanﬁ
field H, the effective mass can be obtained. ‘ ' :

Let us consider the relation between the cyclotron mass and the electrical spemﬁc B
heat . Using a density of states D(EF) 7y is written as ’

In the spherical Fermi surface, using ‘Ey = h2kg?/ 2my takes ~

: *\ 3/2

T o,V 2ch3 1/2 .

T () e i
) (329)

_ks?V L
- 3}22 ckF?
where V' is molar volume and kp = (Sp/7)"/?. We obtain from eq. (3.25)
= @i”}_fz (_2.3) . Vm_:Fl/2 : S . _
| 3h2 R | mg _ * | ; : (330) ‘
= 2.87 x 107* [(mJ/K? - mol)(mol/em®)T~1/?] . V%FI/Q. | S
N
In the case of the cylindrical Fermi surfacé,
' e
m 2 |4 *
=g he g ks
ks®V
= 6h2 kz7

where the Fermi wave number &, is pa.rallel to an axial dlrectlon of the cyhnder If we -

regard simply the Fermi surfaces as sphere ellipse or cyhnder approx1mately and then R

can calculate them.
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Dingle temperature

We can determine the Dingle temperature Tp from measuring a field dependence of
a dHvA amplitude. Equations (3.24b)-(3.24d) yield

—oAm*T ) 1 |
In {AiHl/2 {1 — exp (—;C—E—>] } = —xmg,(T + TD)—E + const. (3.32)

From the slope of a plot of In{A; HY/?[1 — exp(—2Am,T/H)]} versus 1/H at constant T
the Dingle temperature can be obtained. Here, the cyclotron effective mass must have
been already obtained.

We can estimate the mean free path ! or the scattering life time 7 from the Dingle
temperature. The relation between an effective mass and life time takes the form

hk‘p = TTL*’UF, (333)
[ = vpT. (3.34)
Then eq. (3.26) is transformed into
R*kp
o 27rkBm§TD ' (335)

When the extremal area can be regarded as a circle approximately, using the eq. (3.25),
the mean free path is expressed as

[ = h2 (2_6_) 12 F1/2 (T_Z_) - TD—l
2rkgma \ Aic mo (3.36)

_ w\ —1 g
=776[A.T"Y2.K]. F'/? (1”—) ot
Mo

Field modulation method

Experiments of the dHvA effect were constructed by using the usual ac-susceptibility
field modulation method. Now we give an outline of the field modulation method in the
present study.

A small ac-field hg coswt is varied on an external field Hy (Hp > ho) in order to obtain
the periodic variation of the magnetic moment M. The sample is set up into a pair of
balanced coils (pick up and compensation coils), as shown in Fig. 3.11. An induced emf



3.2. EXPERIMENTAL METHOD 43

Sample 20—  Pick-up coil
/ p coi

4 / Compensation coil

W
YNNI \!/

/

Cotton

Fig. 3.11 Detecting coil and the sample location.

V will be proportional to dM/d¢:

dM
V = Cq't—
dM dH

~“dH & (3.37)

o0
) hk dF M )
= —chow sinwt E 1k = 1), <de) sin kwt,
k=1 ) Ho

where ¢ is constant which is fixed by the number of turns in the coil and so on, and
the higher differential terms of the coeflicient of sin kwt are neglected. Calculating the

L k=1 ]
_i - i 1 1 1 ] ! 1 1 ‘: ] | L ! 1 I ]
%29 5 10 15

o o Fig.i&llyz_ Bessel function Ji(\) of the first kind.
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Fig. 3.13 Block diagram for the dHvA measurement.

d*M/dH* it becomes

> 1 orho\* . (2rF _
V= —chkX: FIE =) ( AI;> sin ( +8 - ——) sin kwt. (3.38)
=1

Here, AH = H?/F. Considering hqo®> < H,? the time dependence of magnetization M (t)
is given by

Mi)=A [JO(/\) sin (2———- +5) + 2Zka ) cos kwt sin (?—;{TI?F + 8- %)} ,
(3.39)

where

2rF ho
Hy? -~

Here, J; is k-th Bessel function. Figure 3.12 shows the Bessel function of the first kind

for the various order k. Finally we can obtain the output emf as follows:

V=c (%Ag) = —ZauAZ kJi(A) sin (2 +0 - ——-) sin kwt. (3.41)

k=1

A=

(3.40)

The signal was detected at the second harmonic of the modulation frequency 2w using
a Lock-in Amplifier, since this condition may cut off the offset magnetization and then
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detect the component of the quantum oscillation only. We usually choose the modulation
field ho to make the value of Jy()\) maximum, namely X = 3.1. We used modulation
frequency of 75 Hz for *He cryostat or 12 Hz for dilution refrigerator, respectively. Fig-
ure 3.13 shows a block diagram for the dHvA measurement in the present study.

3.2.5 Pressure cell

Construction of the pressure cell

The electrical resistivity and the dHvA experiments under pressure were performed
with a conventional Be-Cu piston-cylinder clamping type pressure cell as shown in
Fig. 3.14. Most part of the pressure cell is made of Be-Cu and piston is made of tungsten
carbide (WC). Electrical leads were introduced into the sample region through the hole
(0.6 mmg) of obturator. Then, the hole was sealed by Stycast 2850FT epoxy. The anti-
extrusion ring are used to prevent extrusion of Teflon into the clearance between piston
or obturator, and cylinder under pressure.

We used a 1:1 mixture of Daphne7373 and kerosine as a pressure transmitting
medium.?V)-

—~ Clamping Nut. |

“piston

- Pick Up Coil

— Backup Ring 7

- Teflon Cell - /

Backupng ’_ B3
———— Obturator -

— Clamping Nut

- Fig. 3.14 Cross-sectional vigw bf 'the;‘pre‘ssure“fcel,l,é :




46 CHAPTER 3. EXPERIMENTAL
Pressure calibration

The pressure at room temperature was determined by the resistance of the manganin
gauge, which was measured by a standard four probe dc current method. When the pres-
sure was increased by an oil press, the pressure inside was monitored with the manganin
resistance.

The pressure at liq. He temperature was determined by the superconducting transition
temperature of Sn, using a relation:

e ¥4

T. = T.(0) — 4.95 x 107°P + 3.9 x 10710 P2, (3.42)

where T, is in K and P in atoms.’? In this study, the transition temperature was mea-
sured by the ac-susceptibility method. Figure 3.15 shows the superconducting transition
of Sn at various pressure. The transition width is almost the same in the whole pressure,
indicating that the pressure distribution is small. The pressure at low temperatures was
estimated experimentally from the pressure at room temperature as shown in Fig. 3.16.

1.0
- T,=371K ]
f%)
g 0 GPa E
g s
S | 1.=330K o 03¢
= 0.905 GPa /
o,
; . 0 " .
3.0 35 4.0 0 0.5 1.0
B Temperature (K) Par (GPa)

Fig. 3.15 Ac-susceptibility xac in Sn at am- Fig. 3.16 Relation between the pressure at
bient pressure and under pressures. lig. He temperature Fir and the

‘applied pressuré at room temper-
ature Pgrr.

dHvA measurement under pressure

Experiments of the dHvA effect under pressure were constructed by using the usual
ac-susceptibility field modulation method. To increase sensitivity of a weak dHvA signal,
some improvement were _cérried out in the present study.

The signal voltage is proportional to the ‘number‘, of turns of a pick up coil, so that
it is better to increase the turn number. We wound a '-'pick up coil with 20 ume copper



{
|

3.2. EXPERIMENTAL METHOD 47

wire. The length of coil is 5 mm and outside dimension is 4.5 mm¢. The number of turns
of pick up part is 3100 and that of compensation part is about 1700.

The hydrostatic pressure is desirable, because the strain of a sample due to the pres-
sure distribution causes the reduction of the oscillation. According to Takashita’s trial 5
we choose the pressure transmitting medium as a 1:1 mixture of Daphne7373 and kero-
sine. The pressure cell were slowly cooled down, taking 8 hour from room temperature
to liq. He temperature, because the fast cooling may cause the pressure distribution.

The temperature outside of the pressure cell was measured with a RuQO, thermometer.
In the measurement using field modulation method, the pressure cell is heated up and the
temperature difference between inside and outside become an inevitable problem. This
causes a considerable error in determining the cyclotron effective mass, particularly in the
case of heavy mass. We measured the temperature both inside and outside of pressure cell
with the RuO, thermometer as a function of modulation frequency and amplitude. In the
dHvA measurements, the temperature of a sample was calculated from the temperature
outside. The typical value of modulation frequency and amplitude is 5 Hz and 100 Oe,
respectively. We confirmed that the effective mass determined in CeNi without a pressure
cell at ambient pressure is good agreement with that in the experiment with the pressure

cell.




4 Experimental Results and Discussion

4.1 CeRhQSiQ

4.1.1 Electrical resistivity

at ambient pressure

Figure 4.1 shows the temperature dependence of the electrical resistivity in CeRh,Si,.
Anisotropy of the electrical resistivity is similar to that in CeRusSis.?®) We note here that
the subtracted resistivity pmae = p(CeRhySis) — p(LaRhaSis) possesses a broad maximum
around 200 K, which corresponds to the combined effect of the crystalline electric field
(CEF) and the Kondo effect. The residual resistivity po and the residual resistivity ratio
prr/Po (=RRR) are 1.3 uQ-cm and 90 for the current along the [100] direction, 0.6 uQ-cm
and 110 for the [001] direction, respectively. These values of RRR are highest ones, and
the measurement of the de Haas-van Alphen (dHvA) effects were performed for these
high-quality samples. The resistivity decreases steeply below the Néel temperature of
Tn1 = 36 K. We cannot find any anomaly around Tys in Fig. 4.1, although poor-quality
(RRR~30) samples show anomaly at Tng. In the low temperature region, the resistivity

ool CeRhySi;

50

p (u€a-cm)

0

0 10 20 30 40
0 Temperature (K)
0 100 200 300

. Temperature (K)

Fig. 4.1 'Température dependence of the electrical resistivity in CeRhgsié.
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follows the AT? behaviour below 8 K. The A value is 2.1 x 1073 4Q-cm-K~2 for the current
along the [100] direction, and 6.2 x 10™* p-cm-K=2 for the [001] direction.

under high pressure

" The electrical resistivity measurements under pressure was performed for several sam-
ples (single crystals and polycrystals) and using different pressure generating system.
First, we show the results for a high-quality single crystalline sample (RRR=110),
where pressure was applied by utilizing a CuBe piston-cylinder cell. Figure 4.2 shows
the temperature dependence of the electrical resistivity at ambient pressure (0 GPa)
and at 1.1 GPa for the current along the [001] direction. = There is no trace of i
for pressure of 1.1 GPa. The resistivity at 1.1 GPa shows the AT? behavior with A =
1.5x1072 uQ-cm-K~2. The effective mass is about 5 times enhanced from those at ambient
pressure, as VA is proportional to the effective mass. The resistivity decreases steeply
below 380 mK and becomes almost zero at 100 mK, as shown in Fig. 4.3. We define here
the transition temperature of superconductivity 7, as an onset of the resistivity drop,
because the width of the transition is wide. The onset temperature of 7, = 380 mK is

100 , : : : .

= I
3
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Q.
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Fig. 4.2 Temperature dependence of the electrical resistivity at P = 0 GPa and 1.1 GPa
in CeRh3Siz. The inset shows the T2 dependence of the electrical resistivity at
low temperature.
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Fig. 4.3 Low-temperature electrical resistivity at P = 0 GPa and 1.1 GPa in CeRh,Si,.
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Fig. 4.4 Temperature dependence of H.z at P = 1.1 GPa in CeRh,Si;. Solid lines are
guides to eyes. '
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trical resistance in CeRhsSi; under Closed and open circles represent
high pressures.. The mset shows typ- the antiferromagnetic transition T
1ca1 re51stance drop S and the onset temperature T, re-

spectively. (b) Pressure dependence
_ of the relative decrease.

consistent with the prevrous value of 350 mK 32, 33 " ‘
We also measured. the res1st1v1ty under magnetlc ﬁelds and determlned the upper
critical field H.y for superconduct1v1ty Flgure 4.4 shows the temperature dependence of

Hcg for the fields along the [100] and [001] directions. The coherence length is estimated

as 240 A for [100] and 310 A for [001} from HCQ(O) (= ®q/27€?), where ®o is the quantum
flux. The present amsotropy of HCQ is related to the corresponding amsotropy of the
magnetic suscepmbrhty As descrlbed in Sec 4.1. 3, the ratio of x./xa = 3.8 at low

temperatures. Thrs is most hkely reﬂected in the amsotropy of H,, as the paramagnetrc :

effect.

Second we show the results of hlgh-quahty polyCrystalhne sample (RRR= 62) where
‘pressure was apphed by utlhzmg a DAC. Figure 4. 5 shows the temperature. dependence i

~ of the electrical resistance under hrgh pressure in- the polycrystal CeRh,Sis. A kink . ’

- corresponding to Ty is observed at 31 and 28 K under pressures of 0.7 and 0.8 GPa
respectively; it dlsappea.rs above 1. 0 GPa The inset in Fig. 4.5 ‘shows the re51stance
- drop in the low temperature range. at. a pressure of 1.2 GPa. . Since the resistance drop

is.suppressed by an.external field- below 1 T, superconductrwty is partially realized in - -t
~ the present sample. Zero resistance cannot be observed also through this experiment: = ==

Figure 4.6(a) shows the P-T" phase diagram, where T, is determined by the onset of the = T
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resistance drop. Figure 4.6(b) shows the pressure dependence of the relative decrease
against the residual resistance. The onset temperature 7. ~ 600 mK shows no obvious
pressure dependence up to 2.9 GPa and is higher than the previous value?3% or the
value obtained with a single crystal sample. The relative decrease exhibits a maximum
of AR/Ry ~ 38% at 1.2 GPa and disappears at 3.5 GPa. This behavior is similar to the

previous results.3233)

4.1.2 Specific heat

Figure 4.7 shows the temperature dependence of the specific heat in CeRh,Si; and
LaRh,Si;. We can find two anomalies which correspond to Ty; and Tne. An inset indicate
the T2-dependence of the specific heat in the form of C'/T. The specific heat C is well
explained by the simple form of YT+ BT3. A v-value is 23 mJ/K?-mol in CeRh,Si,, and
11 mJ/K?-mol in LaRhySi;. As indicated in the previous paper,3%39 at about 40 K the
magnetic entropy reaches approximately RIn2, indicating the doublet ground state of
the 4f levels.

50 . . . ]
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—~ 50
= 30+ =
g | B
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Py e}
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0 "
0
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Temperature (K)

. Fig. 4.7 ’I‘emperatur_e dependence of the specific heat in CeRh,Sis and LaRhsSi,.
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4.1.3 Magnetic susceptibility

at ambient pressure

We show in Fig. 4.8 the temperature dependence of the magnetic susceptibility x. The
susceptibility is also highly anisotropic, reflecting the CEF effect for the tetragonal crystal
structure. The susceptibility value for the field along the [001] direction is much higher
than that for the [100] direction. The magnetic susceptibility above 100 K follows the
Curie-Weiss law. The effective Bohr magneton is 3.0u5/Ce for both the field directions,
which is 20% larger than the value of Ce®*, 2.54up/Ce. This discrepancy is mainly due
to a large CEF splitting energy.

In order to determine the CEF property, we analyzed the temperature dependence
of the magnetic susceptibility by considering CEF splitting of Ce®* 4f-levels with a
molecular exchange field constant A\. The CEF Hamiltonian for the tetragonal symmetry
can be represented as

Hcgr = BgOg + BSOE + 3202, (4.1)

where OF" and Bj* are the Steven’s operators and the CEF parameters, respectively.5?
We determined the CEF parameters using a least square fitting. The solid lines in Fig. 4.8

20 1 T T 1 [ T L4 ¥ T l T 1 T T

I l i ] 1 l )3 1 '] i l i 1 ] 1

% (10-3%emu/mol)

Temperature (K)

Fig. 4.8 Temperature dependence of the magnetic susceptibility in CeRhySis.
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Table 4.I CEF parameters, energy level scheme and the corresponding wave functions.

CEF parameters
BS BY Bj A
-35(K) 0.60(K) 2.5(K) —40 (mol/emu)
energy levels and wave functions

BK) 452 13/2 D -1/ 1-3/3 -5/2)
680 0 0 1 ‘ 0 0
680 0 0 0 1 0 0
310 0 0.975 0 0 0 0.224
310 0.224 0 0 0 0.975 0

0 0 —-0.224 0 0 0 0.975
0 -0.975 0 0 0 0.224 0

represent our calculations and are in approximately agreement with the experimental
results, where the parameters are B = —35 K, B} = 0.60 K, B; = 2.5 K and \ =
—40 mol/emu. The six-fold degenerated 4 f-levels are split into three doublets. From this
fitting, we determined that the excited doublets are separated by 310 K and 680 K from
the ground state, respectively. Therefore, the susceptibility with effective Bohr magneton
of 2.54ug/Ce is realized above 700 K. These parameters, including wave functions, are
shown in Table 4.1.

under high pressure

The temperature dependence of the susceptibility x of CeRhsSi; under high pressure
is shown in Fig. 4.9. A magnetic field of 1 T was applied along the [100] (a-) and
[001] (c-) directions. The antiferromagnetic ordering temperature Ty, is obtained as an
onset of rapid decrease of x.. As shown in Fig. 4.10, Tn; disappears above 1.1 GPa. It is
characteristic that a broad maximum of x. appears above Ty; under pressure. Tp.x tends
to shift to higher temperatures and the maximum value decreases rapidly with increasing
pressure, which is explained to be due to the increase of the c-f hybridization. Namely
it means that the Kondo temperature increases with increasing pressure. This behavior
is similar to the case of CeRu3Sis which shows a maximum of x. and metamagnetic
magnetization process in the field parallel to the [001] direction. The x, also decreases
slightly and also shows a broad maximum under high pressure. Application of pressure
reduces the magnetic anisotropy: x./X. = 5.6 at ambient pressure and 3.8 at p. ~ 1 GPa,
which were estimated from the maximum values of x. and x,.
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Fig. 4.9 Temperature dependence of the
magnetic susceptibility along
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Fig. 4.11 Magnetization curve along the [001] direction at various temperatures in
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4.1.4 Magnetization

at ambient pressure

Figure 4.11 shows the magnetization curve along the [001] direction at various temper-
atures with an increasing magnetic field. The met.amagnetic transition is observed below
Tn1=36 K. For example, the transition field is about 26 T at 4.2 K. A saturated moment
is 1.55ug/ Ce. This value is smaller than the magnetic moment of 2.1ug/Ce, which is ex-
pected from the present CEF-level scheme. Similar metamagnetization has been reported
in the recent magnetization experiment performed by Abe et al>*) Here, the magnetic
moment in the neutron experiment is estimated as 1.42up/Ce and 1.34ug/Ce.3%)

The transition field of 26 T at 4.2 K does not change with increasing the temperature,
but decreases steeply above 26 K. These features are clearly shown in an inset of Fig. 4.12

30 ' l ' T ' T '
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u = .
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O L I L L | :
010 20 30 40

‘Temperature (K )

Fig. 4.12 Magﬁetic phaée diagram in CeRh2Siz. An inset shows the differential magneti-
zation curves. '
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by the differential magnetization curves, dM/dH. Here, we note that the vertical scales
at 32 and 40 K are enlarged by five and ten times, respectively, compared to the other
curves. The metamagnetic transition is not found in the paramagnetic phase, as shown
in the dM/dH-curve at 40 K. It is interesting that the metamagnetic transition consists
of two steps. One step corresponds to half of the saturated magnetic moment at 25.9 T
and the other step occurs at 26.3 T in the magnetization curve at 4.2 K. The two-step

- structure disappears above 26 K and is changed into a one-step style in the temperature

: 'range of 28 to 36 K. We have performed the free energy calculations on the basis of
the mean ﬁeld ‘model with Ising spin system as in URu,Si; with the same tetragonal
crystal structure 55) The transmon Wlth the two-step structure has not been obtained in
calculatlons '

under high pressure

Figure 4.13 shows the pressure dependence of the magnetization process of CeRh,Si,
for the field along the [001] direction at 6.0 K. The metamagnetic transition field Hy
increases with 1ncreasmg pressure and the the metamagnetlc transition also observed
in the paramagnetic state at 1.15 GPa ‘The magmtude of the saturation moment de-
creases with increasing pressure. Flgure 4.14 shows, the temperature ,dependence of a
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Fig. 4 13 ngh-ﬁeld magnetization at various T “ T L e Co
pressures in CeRhySip. -~ - Fig. 4.14 Temperature dependence of Hyin g
; ' CeRh3Si; under several pressures.
- Filled' circle, square and triangle
~ --indicate the- Ty; -at 0.5, 3.2 ‘and
5.9 kbar, respectively..
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metamagnetic transition field Hy; under several pressures. Hy is found to decrease with -
increasing temperature below Ty clearly at 0.32 GPa and slightly at 0.59 GPa but it be-
gins to increase above Ty; for 0.59 GPa. This behaviour is observed in the heavy fermion
antiferromagnetics of UPd;Als*) and URuySi®” or the paramagnetic heavy fermion
compound CeRu,Si,%® at ambient pressure. At 0.95 GPa, Hy monotonically increases
with increasing temperature as in a heavy fermion paramagnet of CeRu,Si;. The present
metamagnetic transition is discussed from the view point that the itinerant- f electron
system is changed into the localized- f electron system by the magnetic field. This might
not be due to the phase transition but due to crossover based on the many-body Kondo
effect.

4.1.5 Thermal expansion coefficient

We show in Fig. 4.15 the temperature dependence of the linear thermal expansion
coefficient o in CeRh,Sis. Here, open circles and squares are those along the [001] and
[100] directions, respectively. With decreasing the temperature, the thermal expansion
coefficient along the [001] direetion has a-broad maximum around 170 K, while the one
along the [100] direction decreases linearly with decreasing the temperature. The ther-

10

o

a (x10¢ K

o

-10
0

Temperature (K)

Fig. 4.15 Temperatur;a dependence of the thermal expansion coefficient along the [100]
and {001] diiék:tions in CeRh;Si,.
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Fig. 4.16 Low temperature region of the thermal expansion coefficient along the {100] and
[001] directions in CeRh»Sis.

mal expansion coefficient in CeRh,Si; exhibits sharp anomalies at the magnetic ordering
temperatures, Tn; and Tns. The low temperature region is enlarged in scale, as shown in
Fig. 4.16. The magnetic transitions are pronounced for the [001] direction, compared to
the [100] direction. Figure 4.17 shows the temperature dependence of the thermal expan-
sion coefficient in LaRh,Si; along the [001] and [100] directions. The thermal expansion
coefficient in LaRh,8i;, is positive at high temperatures and decreases with decreasing the
temperature for both directions. -

We have estimated the magnetic component of the thernmal expansion coefficient O'mag
in CeRh,Si, by subtracting the one of LaRh,Si; from CeRh,Sis: Omag = a(CeRhySis) —
a(LaRh,Sip). Figure 4.18 shows the temperature dependence of Omag- Although apag
along the [001] direction is positive and the one along the [100] direction is negative,
both have a broad maximum or minimum around 170 K. This peak corresponds to the
Schottky anomaly of the specific heat.

We have calculated the magnetic component of the thermal expansion coefficient on
the basis of the CEF level scheme which is estimated from the magnetic susceptibility.
The total Hamiltonian for the present case is written as follows:

H = Hcer + Hme + Eq. (4.2)
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Fig. 4.17 Temperature dependence of the thermal expansion coefficient along the [100]
and [001] directions in LaRh,Sis.

The first term is the CEF Hamiltonian as expressed in eq. (4.1). The second term
is the one-ion magnetoelastic interaction which is defined as the coupling between the

quadrupole moment and the strain:

Hpe = —(G*'e™ + G*%*%)0; — G770} (43)
~G%°0,, — G(650,; + £50,,). '

Here, the G* and e* are the coupling constant and the normal strain coﬁ*espondmg to

the tetragonal symmetry, respectively. The elastic energy FE., is written as

o 1
Eel Cal( ) l ngl-galeaQ 5 032 (EaQ)
(4.4)

1

2

1 1 1

+5C3 () + 5Co(e) + 5C5l(0)* + (€5,

- where CY are the symmetrized elastic constants. The detailed formulae for the sym-
metrized strain and the elastic constants for the tetragonal symmetry were calculated

by Morin et al.3® The equilibrium formula for the symmetrized strain is obtained by
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Fig. 4.18 Temperature dependence of the magnetic component of“the‘thermal expansion; '

coefficient along [100] and [001] in CeRh,Siz. Solid lines are the results of CEF. . ‘
calculations. : - e

minimizing the free energy with respect to the strain as follows:

B Galcgz? _ GQQCSLI?

o= 0(1)110812 _ (Oglz)z <0(2)>7 ) 7 ‘ (45&)
o GOt?Cal - Ga10a12 : T
2 = 08'1698‘2 _ (C81120)2 <O(2)>’ o ” . (45b)
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el o i
o = 5(0m). o (4.54)
€ = _—:-<Oy2>a | ’ : (45e) o
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The linear strain ¢; is expresses by the combination of the above symmetrized strain as

1 al 2 2
£ = —=E " + —=£ ", 4.6a
(x00] \/§ \/6 ( )
Lt _ L (4.6b)

€loo1] = ﬁ

From egs. (4.5) and (4.6), the linear strain is simply written as

Here, the index ¢ indicates the direction of the linear strain. The thermal expansion
coefficient for the tetragonal crystal structure can be derived by differentiating the strain
in eq. (4.7) by the temperature:

(E03) — (E)(03)

ai = g’i kBT2 . (4.8)

While the coefficient g; in eqs. (4.7) and (4.8) is represented by the elastic constants C)
and the magnetoelastic coupling constants G¥, it is determined by fitting to experimental
results. The parameters gjoy = —1.56 x 10™* and gjiog = 7.8 x 10~* are determined so
as to reproduce the experimental results in the paramagnetic region. The fitting results,
which are shown by solid lines in Fig. 4.18, reproduce the experimental ones, exhibiting
a maximum or minimum around 170 K, which is roughly half of the energy between the
ground state and the first excited state.

4.1.6 dHVA effect

at ambient pressure

Figure 4.19 shows the typical dHvA oscillation for the field along the [100] direction
at 29 mK and the corresponding fast Fourier transformation (FFT) spectrum. Branches
K, o, ™, d (split into 4 branches) and f are fundamentals, while the others are higher
harmonics. Branches denoted by Greek letters were detected in the previous experiment
done by Abe et al.®?) (see Fig. 2.21), while two branches denoted by Latin Alphabet, d
and f, are new ones. The dHvA frequency for these branches ranges from 855 to 6610 T.
~ All the dHvA frequencies detected in the experiment are listed in Table 4.1II.

Figure 4.20 shows the angular dependence of of the dHvA frequency in CeRh,Sis.
~ Because CeRh,Si, is an antiferromagnet with a large moment ~ 1.6ug, we can regard
that the 4f electrons are localized. The topology of the Fermi surface in CeRhySis is
“thus considered to be similar to that in LaRhySis. Figure 4.21-4.24 shows the calculated -
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Table 4.1T dHvA frequency F, cyclotron mass my, Dmgle temperature TD and the mean
free path £ in CeRh;Si,.

T T (001] T 100]

F(T) m: (mo) Tp (K) € (A) F(T) mg (mo) Tp (K) ¢(A) E(T) _m (mo) Tp (K) e(A)
v 9110 3.8 2.20 880 a 7560 6.4 0.78 1540 ds4 6610 6.6 i —_—
T 4250 4.7 .« 0.64 1670 v 1770 24 0.66 2050 d3z 6540 6.5 - — e
o 3450 6.1 0.41 1820 v/ 1730 2.2 — — dz 6470 6.1 — . =
p 2800 3.2 1.06 1210 p 1160 3.7 0.39 1870 d; 6400 5.7 -— —
A 1200 1.4 — — c 804 4.9 _ _— f 3510 3.3 —_ —
¢ 879 4.8 0.31 1550 € 327 1.9 0.42 1760 T 1990 3.6 —_ —
(e 482 0.90 -_ —_ v 184 1.4 0.42 1770 o 1890 3.1 — —
(s 425 1.6 —_ — 137 0.45 2.87 700 & 855 3.9 0.29 2030
¢4 394 1.5 —_ — o’ 81 1.4 - — ) 595 2.1 —_— —
¢ 362 0.76 — — ka4 0.26 _— — ¢ 571 2.0 — —
231  — — — j 66 - 0.39 — — ¢ 545 1.9 T

§ 183 — —_ —_ k 56 0.41 — —_— ¢ 524 1.7 — —_—
o 58 0.72 — — i 44 0.43 —_— — g 318 1.9 — —
a 32 0.36 —_ —_ h 246 2.0 — —_—
¥ . 100 2.1 S —

a 38 0.47 0.45 2200

angular dependence of the dHvA frequency in LaRh,Sis. The corresponding Fermi surkfacej
is shown in Figs. 4.25. The calculated dHvA frequency and the corresponding band mass
are listed in Table. 4.111. |
We will compare the experimental results with the calculated ones. The magnetic
structure of the ground state is supposed to be a 4g-structure, as shown in Flg 2.14,
from the neutron diffraction measurement.3® The magnetic unit cell is four times as
large as that of a chemical one. Correspondingly, the Brillouin zone of CeRh,Si, in an
antiferromagnetic state is four times as small as that in a paramagnetic state. The Fermi
surface of LaRhsSi, is folded into a smaller one, and the topology of Fermi surface will
change, particularly for the complicated band 25-hole Fermi surface. On the other hand,
we supposed that the band 24-hole and band 26-electron Fermi surfaces are far from the
magnetic Brillouin zone boundary. Therefore, it keeps the topology of the Fermi surface
unchanged or slightly altered. The calculated dHvA frequency of band 24-hole Fermi
surface is shown in Fig. 4.22. The band 24-hole Fermi surface corresponds to:

1) b (110) - 7 or o [100] branches in the range from 2000 to 4000 T.
2) A [110] - & [100] branches in the range from 800 to 1100 T.
3) k branch centered at the [001] axis.

The calculated dHvA frequency of band 26-electron Ferrm surface is shown i F1g 4.24.
The band 26-electron Fermi surface corresponds to y-branch centered at the [001] dlrec— ;
tion. This is one of the explanation on the result of the dHvA experiment in CeRh,Si;.
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Table 4.III Theoretical dHvA frequency F and the corresponding band mass my, in

Lahasiz.
H | [110] H || {001] H || [100]
F (T) mp (mo) F (T) my (mo) F (T) mp (mo)

25 (v) 8930 1.9 25 16830 1.5 25 (d) 6980 2.2

25 (p) 4530 1.6 24 9720 1.6 24 (m) 3770  0.61

24 (A) 2170 0.46 25 (a) 8240 3.0 24 (o) 3300 0.80

26 910 0.76 25 850 1.5 25 2050 2.1
25 290 1.0 24 (k) 1720 0.45
26 290  0.35 25(¢) 1050 1.2
26 260 0.38 26 900 0.75
26(y) 220 041 25(y') 110  0.37

24(k) 86  0.14

Another explanation is based on the magnetic break through effect. If an antiferromag-
netic gap is small, the electrons can break through the gap and circulate the original
Fermi surface in the paramagnetic state at high fields. These is a possibility that we
- observed the dHvA branches both in the paramagnetic and antiferromagnetic states.
Another branches can be considered to be come from the band-folded Fermi surfaces.

By using eq. (3.27), we determined the cyclotron effective mass m? as shown in
Fig. 4.26, and summarized m? in Table 4.II.

Next, we determined the Dingle temperature from the field dependence of the dHvA
amplitude by using eq. (3.32) as shown in Fig. 4.27. The Tp are listed in Table 4.11.

under high pressure

When pressure is applied to the sample, the dHvA amplitude is reduced, as shown
in Fig. 4.28. Note that the dHvA amplitudes in the FFT spectra at 0 and 0.2 GPa
are reduced by half compared to that at 0.8 GPa, while those at 0.9, 1.0 and 1.2 GPa
are enlarged twice in Fig. 4.28. The dHvA experiments were done at 138-160 mK under
pressure. The dHvA frequencies of branches &, 0 and 7 are unchanged up to 0.5-1.0 GPa.
Their amplitudes are reduced gradually with increasing pressure, and become zero above
0.8 GPa for  and o, and above 1.1 GPa for 7. The dHvA frequency of 6500 T for branch
d is also unchanged up to 1.0 GPa, but this branch splits into two branches in the pressure
range from 0.8 to 1.0 GPa. It is strange that amplitudes of the two branches become large.
There is a possibility that one of the two branches with a dHvA frequency of 6100 T at
0.9 and 1.0 GPa corresponds to a new Fermi surface. Moreover, at 1.2 GPa we observed
a new branch named A, which is different from dHvA branches below 1.0 GPa. Branch
A has a relatively large amplitude, whereas branches 7 and d disappear completely. It is
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obvious that a new Fermi surface appears at 1.2 GPa.

Figure 4.29 shows the pressure dependence of the dHvA frequencies. The dHvA
frequencies are found to be completely different above and below p. ~ 1.0-1.1 GPa. This
indicates a change of the Fermi surface.

We also determined the cyclotron effective mass my from the temperature dependence
of the dHvA amplitude. Figure 4.30 shows the pressure dependence of the cyclotron
masses. They increase linearly with increasing pressure, although the mass of branch d
increases steeply above 0.9 GPa, reaching about 18mg. The mass of branches A is also
large: 22-24mg. The mass of branch A has a maximum at p.. Here, an error of the m}
value is +£1.0mg above 1.1 GPa, +0.5mg at 1.0 GPa and less than £0.2mg below 0.9 GPa.
The present increase of the cyclotron mass is approximately consistent with an increase
of the v value from 23 to 80 mJ/K2-mol as a function of pressure.?

We will discuss the topology of the new Fermi surface and its cyclotron mass. We
calculated the energy band structure of CeRh,Si; in the scheme of the FLAPW method
within the local density approximation. The 4f electrons in CeRhsSi; are assumed to
be itinerant. Above p, ~ 1.0-1.1 GPa, CeRh,Si; indicates a non-magnetic ground state
with a large v value of about 80 mJ/K2-mol. The 4f-itinerant model might be applicable
to the present non-magnetic heavy fermion state.

For the band structure calculation, the scalar relativistic effects were taken into
account for all the electrons, and the spin-orbit interactions were also included self-
consistently for all the valence electrons as in a second variational procedure. The LAPW
basis functions were truncated at |k + G;| < 4.85 x 2w/a, corresponding to 577 LAPW
functions at the I" point. Both for the potential convergence and the final band structure,
we used 369 k-points in the irreducible 1/16 th of the Brillouin zone.

The calculated Fermi surfaces are shown in Fig. 4.31. Figure 4.32 shows the corre-
sponding angular dependence of the theoretical dHvA frequency. The theoretical dHvA
frequency, the band mass and the curvature factor are listed in Table 4.IV: CeRh,Si; is a
compensated metal with equal volume of bands 26- and 27-electron Fermi surfaces and a
band 25-hole Fermi surface. All the Fermi surfaces are closed. A theoretical specific heat
coefficient 7y, is 18 mJ/K?-mol, so that the ratio of the experimental 7y to v, is v/m = 4.5.

Branch A, where its dHVA frequency and cyclotron mass are 5800 T and 22-24my,
respectively, approximately corresponds to a maximum cross-section of the band 25-
hole Fermi surface. The theoretical dHvA frequency and band mass are 4650 T and
5.3my, respectively. The experimental dHvA frequency is very close to the calculated
one. The cyclotron mass is 4.2-4.5 times larger than the corresponding band mass,
which is consistent with the ratio v/v, = 4.5.

When the field is directed along the [100] direction, the orbit named B in the band 25-
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Table 4.IV Theoretical dHvA frequency F, the band mass my, and the curvature factor
8%5/9ky® = 8 in CeRh,Si;.

H || [110] H || {001] H | [100]
F(T) my (mo) S§” F(T) mp (mo) S” F(T) my (mg) 8"
25 4650 5.7 24 26 10180 11.8 —80 26 9210 84 —12
25 3970 43 0.2 25 9440 58 -0.6 25(A) 4650 53  -13
26 3730 64 0.8 25(B) 3430 8.0 4.1

26 3560 6.2 -2.7
26 3360 7.9 2.0
26 3050 4.2 0.7
27 560 1.3 -0.6 27 330 0.65 -0.3 27 580 1.3 -2.1

hole Fermi surface and another orbit in the band 26-electron Fermi surface have minimum
and maximum cross-sections, respectively. These orbits were not observed experimentally
due to large curvature factors and large band masses of these Fermi surfaces. A band
27-electron Fermi surface was also not observed in the present experiment. This is most
likely due to an extremely small Fermi surface. The detected branch A is thus well
explained by the 4 f-itinerant band model.

Interesting is a mass enhancement mechanism in the pressure below p, ~ 1.0—1.1 GPa.
The charge transfer of the 4f electrons to the conduction band is extremely small
because the dHvA frequency is almost unchanged up to 1.0 GPa. Nevertheless,
the cyclotron mass becomes large with increasing pressure. To clarify the present
mass enhancement, it is useful to consider the mass enhancement in CeBg and CeAl,
with the antiferromagnetic ordering, where their Fermi surfaces are almost the same
as those of the corresponding lanthanum compounds. The ratio of the v value is
7(CeBs)/v(LaBg)=96 and v(CeAly)/v(LaAl,)=13.156) With increasing pressure, the
ratio of v(CeRh,Si;)/v(LaRh,Sis) increases from 2 at ambient pressure to 8 at 1 GPa.39
The present CeRh,Si, at 1 GPa is close to-CeAl,.

In conclusion, we discovered a drastic change of the Fermi surface and cyclotron mass
under pressure for CeRhySi; in the dHVA experiment. These results give rise to a new
aspect of the strongly correlated electron system.
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4.2 CeNi

4.2.1 Electrical resistivity

Figure 4.33 shows the temperature dependence of the electrical resistivity in CeNi.
The residual resistivity po and the residual resistivity ratio prr/po (=RRR) are
0.24 pQ-cm and 400 for the a-axis, 0.27 pf2-cm and 450 for the b-axis, and 0.23 uQ-cm
and 330 for the c-axis, respectively. These values indicate the high-quality sample. The
RRR values for the previous samples were 180, 180 and 160, respectively.48)

100

p (L€2-cm)

0 ' 100 | 200 ' 300
Temperature (K)

Fig. 4.33 Temperature dependence of the electrical resistivity in CeNi.

4.2.2 dHvVA effect

at ambient pressure

Figures 4.34, 4.35 and 4.36 show the typical dHvA oscillations and the corresponding
FFT spectra for the fields along the a-, c- and b-axes, respectively. We have observed
so many dHvA branches in each field direction. For example, we have observed eleven
kinds of dHvA branches in the range from 200 to 9000 T for the field along the a- and
b-axes. These dHvVA frequencies corresponds to small cross-sections in the Brillouin zone,
which are occupied in the range from 0.84% to 35% for the field along the b-axis. On the
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in CeN1 ST

other hand only three branch.es are observed for the field: along the c-axis, as shown in
Fig 4.35. | o . k

~ Fi 1gure 4. 37 shows the angular dependence of the deA frequency The harmonics
and sums or dlfferences of the fundamental dHvA frequenc1es are subtracted in Fig. 4.37.
Most of the dHvA branches are observed in small angle regions, mainly centered at the

symmetrical axes. These results 1nd1cate that Ferm1 surfaces are multlply-connected ones,
| most hkely not ex1st1ng closes Fermi surfaces. R , |
 We have also determmed the cyclotron effectlve mass from the temperature depen-

~dence of the deA amplrtude Figure 4.38 shows the so-called mass plot for the ﬁeldi .' '4
,along the .a-axis. A large mass of 27m0 is detected. for branch a is five times larger than « = .

the correspondrng band mass of 5.45mg for an orbit a in F1g 4. 40 Thrs mass enhance-

ment is approx1mately consistent with v/, = 3.8 to 5.0. We list in Table 4. V the dHvA
.frequency and the correspondmg cyclotron TASS. T he mass is’ in the range from 3.0 to
27m0 : :

The band structure and Ferml surfaces of CeN1 were calculated by the - all-electron

relat1v1st1c LAPW (RLAPW) method w1th exchange and correlation potentlals 1n a local : S
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Fig. 4.36 Typical dHvA oscillation and the corresponding FFT spectrum for the field
along the b-axis in the field ranges from 5 to 10 T, (a) and (b), and from 13 to
15.9 T, (c) and (d), in CeNi.

density approximation, which is referred as a restricted version of the spin-polarized
relativistic LAPW method in the paramagnetic state. From calculations of the density
of states at the Fermi level, the theoretical specific heat coefficient 4, is estimated as
16.96 mJ/K?-mol, so that the ratio of the experimental v to 7y is v/ = 3.8 or 5.0.

—~ FEach topology of the Fermi surface from the 19th to 22nd band is indicated by a
perspective figure in Figs. 4.39(a)-(d). Figures 4.39(a) and 4.39(b) are hole sheets at the
center of the (1/2, 1/2, 0) and I' point, respectively. On the other hand, the electron
sheets are shown in Figs. 4.39(c) and 4.39(d), which are plotted at the center of the (1/2,
0, 0) point. The band 19- and 20-hole sheets contain totally 0.34 holes/cell, while the
band 21- and 22-electron sheets retain the compensating number of electrons.

If Figures. 4.39(b) and 4.39(c) are compared to the previous Fermi surfaces in Figs. 4
and 5 in ref. [62], we can find out some differences. In Fig. 4.39(b), there are no open
orbits alohg the b-axis through the Y point, while the Fermi surface of Fig. 4.39(c) is
connected with the neighbor zones along the b-axis. Therefore, some new dHvA branches
appear in the present calculations, but no changes are given with regard to the previous
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Fig. 4.38 Typical mass-plot for the field along the a-axis in CeNi.

Table 4.V Experimental dHvA frequency F' and the corresponding cyclotron mass m} in

CeNi.
Hla =6 Hc

F (T) m} (mo) F(T) mi(mg) __ F(T) my (mo)
a 8100 27 I¢] 8890 =
) 5770 20 04 6840 9.5

5300 9.6 € 5400 11

4850 13 g 5150 12 ¢ 4380 12
n 3940 11 8 3830 9.5
L 3380 17 K 2570 8.2
A 2170 27 & 2360 10 W 1800 16
v 1690 57 T 690 4.0 & 1400 14
o 877 15 i 665 4.0
o) 483 5.4 p 534 3.0
T 355 3.7 o 211 3.0
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Table 4.VI Theoretical dHvA frequency F and the corresponding band mass my, in CeNi.

Hla HJb Hlc

F (T) mp (mo) F(T) mp (mo) F(T) mp (my)
a 10260 545 b 6990 2.37
e 2640 346 - d 2750 2.27

h 910 159 f 2170 271 g 3170 3.84
: j ' 490 1.14

k 330 164 k 440 1.33 & 800 2.65
! 310 0.76 | 870 0.97

m 270 089 n 230 1.61

findings of the transverse magnetoresistance measurements.

Finally we will compare the present dHvA data to the theoretical results of energy
band calculations. Figure 4.40 shows the corresponding angular dependence of the theo-
retical dHvA frequency. Orbits in the Fermi surfaces named a, b, ... and n in Fig. 4.39
are shown in Fig. 4.40. The corresponding dHvA frequency and the band mass along
the a-, b- and c-axes are listed in Table 4.VI. The bands 19-hole and 22-electron Fermi
surfaces are closed ones, while main Fermi surfaces of bands 20-hole and 21-electron are
multiply-connected ones, as mentioned above. As the cross-sectional area of the band 22-
electron Fermi surface is small, the theoretical dHvA frequency is not shown in Fig. 4.40.
Among the detected dHvA branches, branch ¢ is observed in a relatively wide angle re-
gion. The shape of the branch ¢ is, however, different from the shape of the theoretical
orbit k in the 19-hole Fermi surface, although the magnitude of the dHvA frequency is
similar to branch k.

The other theoretical branches are found around the a-, b- and c-axes. We find both
similarity and difference when we compare the experimental results to the results of
energy band calculations. The similarity is as follows:

1) For the field along the a-axis, branch a in Fig. 4.40 corresponds to « in Fig. 4.37.
Branches e and A correspond to A and o, respectively. Branches [, and [; correspond
to 19 and 7y, which are connected to I3 and l4, centered at the b-axis. If this
speculation is right, branch 7; is connected to branch #’.

2) For the field along the b-axis, branches b, d, f and j correspond to branches 7, &,
k' and p, respectively.

3) For the field along the c-axis, branéhes g and n correspond to branches ¢ and yu,
respectively, although the magnitude of the dHvA frequency is different between
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them.

Most of the theoretical branches correspond to the experimental ones, although the de-
tected branches are so many in number, compared to the theoretical ones. For example,
branches € and ¢’ are not found theoretically.

In the previous éHvA results of CeSns with the cubic structure, all the data were
well explained by the 4f-itinerant band model.2"?® If we consider low symmetry of the
orthorhombic structure in CeNi, it might be concluded that the present dHvA results are
approximately consistent with the 4 f-itinerant band model.

The freedom of charge transfer of the 4 f-electrons thus appears in the form of the
4 f-itinerant band, but the freedom of spin fluctuations of the same 4 f-electrons enhances
the effective mass via the many body Kondo effect. The cyclotron mass of the branch «
is, for example, five times larger than the corresponding band mass.

under high pressure

Figures 4.41 and 4.42 show the typical dHvA oscillation and the corresponding FFT
spectrum for the field along the a- and b-axis at 0.36-0.37 GPa. In this field range, we
observed two dHvA branches 7 and o for the field along the a-axis and also two branches
7 and ¢ for the field along the b-axis, while we cannot observe, any dHvA oscillation for
the field along the c-axis.

We show in Figs. 4.43 and 4.45 the pressure dependence of the dHvA frequency for
the field along a- and b-axes, respectively. The dHvVA frequency F increases slightly
with increasing pressure. This is reasonable because a smaller volume due to pressure
corresponds to a larger Brillouin zone than that under ambient pressure, bringing about a
larger Fermi surface. Here, the first-order transition occurs above a critical pressure p. =
0.2-0.4 GPa: 0.2-0.3 GPa for the field along a-axis and 0.3-0.4 GPa for the field along
b-axis. The-amplitude of dHvA oscillation was reduced significantly, when pressure was -
applied. This is mainly due to a first-order phase transition with a hysteresis, which brings
about a crystal distortion, namely crystal defects. We carried out dHvA experiment under
pressure only once for one sample to acquire a better amplitude. Therefore, discrepancy
of p. may be due to the used sample quality. The dHvA branches observed above p. are o
and 7 for the field along a-axis and ¢, 7 and o for the b-axis. Most of the dHvA frequency
was still increases monotonously with increasing pressure without any anomaly around
pe. The dHvVA frequency of o branch for the field along a-axis was reduced discontinuity
at p.. We note that no new branches was observed.

Next we studied the pressure dependence of the corresponding cyclotron mass, as
shown in Fig. 4.44 and 4.46. The mass of branch 7 (a-axis) and branch 7 (b-axis) were
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Table 4.VII DHvA frequencies and the cyclotron masses at 0 GPa and at 0.37 GPa.

H || a-axis H || b-axis
F(T) mg (mo) F (T) mg (mo)
P (GPa) 0 037 0 0.36 "0 037 0 0.37
e 5440 5550 11 332
o 484 508 54 1.2 7w 665 685 4.0 3.9
T 347 380 37 34 o 211 223 25 -

almost pressure independent. On the other hand, the mass of branch o (a-axis) and
branch e (b-axis) were reduced at p, reflecting a change of the susceptibility mentioned
in Sec. 2.3. From these results we might conclude that Fermi surfaces are unchanged in
topology but a larger mass is reduced after the phase transition.

4.2.3 Specific heat

under high pressure

Figure 4.47 shows the temperature dependence of the specific heat C' under constant
pressure. A value of the specific heat decreases with increasing pressure. Zero pressure
data, which were measured without a pressure cell, is approximately the same result
reported by Gignoux et al.,*® namely v = 65 mJ/K?-mol. In Fig. 4.48, the values of C/T
are plotted as a function of T2 below 4 K. The weak upturn behavior was observed below
about 1 K. We used the specific heat data above 2 K, which are fitted by the from:

C/T =~ + BT?, (4.9)

when the 3 term usually comes from the contrib:tion of the Debye phonons. The values
of the Debye temperature, obtained under pressure, scatter around 125 (£10) K.

' By a linear extrapolation of C/T to 0 K, we obtain the «y value, which is proportional
to the density of state at Fermi level D(EFr). Figure 4.49 indicates a pressure dependence
of the v value. It shows a rather flat initial slope below 0.3 GPa. Above 0.3 GPa, the v
value decreases steeply with increasing pressure. This result corresponds to the transition
under pressure mentioned in Sec. 2.3. The ratio of the v value at ambient pressure to
the value at 0.5 GPa is 0.7, which is larger than the ratio of 0.4-0.5 in the susceptibility
measurement.

We will discuss the present transition from a non-magnetic state with a moderately
large v value of 65 mJ/K? mol to another non-magnetic state with about half of the v
“value under pressure of 0.5-0.7 GPa. The local moments of the 4f electrons play an
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Fig. 4.47 Temperature dependence of the specific heat in CeNi as a function of the pres-
sure.

essential role of the Kondo scattering at each Ce-site above Tk. In this temperature, the
4f levels in the crystalline electric field (CEF) are generally split into three doublets in
non-cubic symmetry. On the other hand, below Tk the local moments are well known to
form an f-derived band with a rather flat dispersion. In CeNi, the v value is estimated
roughly from the relation as expressed in eq. 2.7. The topology of the Fermi surface
of CeNi is approximately consistent with 4 f-itinerant band model. -Fitting is, however,
not excellent compared to that of CeSns because of the non-cubic (orthorhombic) crystal
structure. The ~ value is about four times larger than the theoretical value based on the
4 f-itinerant band model. This is because that the mass enhancement based on the many-
body Kondo effect is not included in the conventional band calculations. We suppose that
the non-magnetic state with half of the v value under pressure of 0.5-0.7 GPa is the 4f-
itinerant electronic state with a smaller degree of correlations. Namely, the topology
of the Fermi surface is unchanged but a degree of correlations is different between two
electronic states. In fact from the dHvA experiment it is found that a main Fermi surface
is unchanged under pressure, but the cyclotron mass is reduced after the transition. A
question is why this transition is of a first-order type. A change of the electronic state
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Fig. 4.48 Low temperature part of the specific heat of CeNi in the form of C/T versus
T? as a function of pressure.

of 4f electrons from localized to itinerant with decreasing temperature in CeNi is not a
transition but a so-called crossover effect. This remains as the question, together with a
problem of the y-a transition.

~ In conclusion; we have studied the pressure dependence on the specific heat in a CeNi
single crystal using a clamp-type pressure-cell up to 0.8 GPa. The pressure dependence of
the electronic specific heat coefficient exhibits a sharp drop between 0.3 and 0.4 GPa with
' increasing pressure. The results suggest that an instability of the intermediate valence
state occurs at a critical pressure of 0.35 GPa at T = 0 K.
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Conclusion

In the present study we constructed a dHvA measuring System under pressure up to
1.4 GPa. We also grew high-quality single crystals of CeRhySi; and CeNi and studied
the Fermi surface, magnetic and transport properties, mainly focusing on a change of

the electronic state under pressure. The present experimental results are summarized as

follows:

CeRhQSig

1)

2)

3)

5)

6)

7)

The épeciﬁc heat coefficient 7 is 23 mJ/K2-mol in CeRh,Si; and 11 mJ/K?-mol in
LaRh,Si;. This result indicates that CeRhsSis is a usual 4 f-localized compound.

Reflecting the tetragonal crystal structure, the magnetic susceptibility and thermal
expansion coefficient are highly anisotropic, which are well explained by the 4 f-CEF
scheme with three doublets separated by 310 and 680 K.

Two antiferromagnetic transitions at Ty; = 36 K and Tn2 = 25 K were observed in
the specific heat and thermal expansion coefficient. :

We observed a two-step metamagnetic transition below Tyo for the field along the
[001] direction. The transition field is about 26 T at 4.2 K. A saturated moment
of 1.55ug/Ce is consistent with the result of neutron scattering measurement. The
two-step '.metamagnetic transition changes to a single-step one in the temperature
range from Tns to Tiny-

The metamagnetic transition was also observed under high pressure. At 0.95 GPa,
the transition field is 37 T. This transition is not due to the phase transition but
is related to crossover from the itinerant-4f electron system to the localized-4f
electron system.

Some dHvA branches observed at ambient pressure are explained by the 4 f-localized
electron model, namely by the result of band calculations for a non-4f reference
compound LaRhsSis. The cyclotron effective mass is not large, ranging from 0.31
to 66m0 »

We carried out the dHvA experiment under pressure. The dHvA frequency is
approximately unchanged up to p. ~1.0-1.1 GPa. Here, p. corresponds to the
quantum critical pressure where Ty becomes zero at p — p.. This means that the

- topology of the Fermi surface is unchanged. On the other hand, the cyclotron mass
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increases linearly with increasing pressure. Interesting is that the cyclotron mass
of a main branch increases steeply above 0.9 GPa, reaching about 18my.

All the branches, which were observed below p., disappear above p. and a new
branch with a large mass of 22-24my appears. This branch corresponds to an orbit
of the band 25-hole Fermi surface in the 4 f-itinerant band model. This is the first
dHvA experiment showing a change of the 4 f-electronic state from localized to
itinerant, namely indicating a drastic change of the Fermi surface and cyclotron
mass under pressure.

We observed superconductivity under pressure of 1.1 GPa for the single crystal,
and determined the upper critical field.

CeNi

1)

2)

We observed so many dHvA branches. The cyclotron effective mass is relatively
large, ranging from 3.0 to 27mq. Most of the dHvA branches was explained by the
4 f-itinerant band model.

We confirmed the first-order phase transition from the dHvA and ‘s‘peciﬁc heat
experiments under pressure. The dHvA frequencies are unchanged at the transition,
indicating that the topology of the Fermi surface is unchanged. The cyclotron
effective mass of some branches was reduced about quarter. Correspondingly, the
specific heat coefficient v = 56 mJ/K?-mol at ambient pressure decreases steeply
below 0.4 GPa, reaching 32 mJ/K?mol at 0.7 GPa. These results indicate an
instability of the intermediate valence state with a critical pressure of 0.2-0.4 GPa.
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