
l) 

Thesis 

Pressure Induced Crossover 

from 

Non-Fermi-Liquid Behavior 

to 

Fermi-Liquid Behavior 

in 

3l Heavy-Fermion Antiferromagnet Ce7Ni3 

by 

Kazunori Umeo 

September 1996 



contents 

Abstract 

Chapter 1 Introduction 

1.1. Phase diagram of Kondo lattice system · .... ·· .. · .. ·············· .. ··························· .. ···· .... 1 

1.2. Non-Fermi-liquid behavior ...................................................... ······························2 

1.3. Structural and magnetic properties of Ce
7
Ni

3 
•••••••••••••••••••••••••••••••••••••••••••••••••••••• 4 

1.4. Purpose of the present study ...................................................... ····························6 

Chapter 2 Experimental techniques 

2.1. Sample preparation ...................................................... ··············································7 

2.2. Magnetic and transport measurements at ambient pressure ·······························9 

2.3. Measurements at high pressures ...................................................... ························9 

2.3.1. :Electrical resistivity ............................................................ ························9 

2.3.2. A.C magnetic susceptibility·········· ...................................................... ·········11 

2.3.3. )(-ray diffraction ...................................................... ·································11 

2.3.4. Specific heat ................................... : .................. ·········································11 

Chapter 3 Experimental Results 

3.1. Physical properties of Ce7Ni3 at ambient pressure ··········································13 

3.1.1. C:e Lrn-XANES ...................................................... ····································13 

3.1.2. ~1agnetic susceptibility ...................................................... ··························15 

3.1.3. Magnetization ...................................................... ······································16 

3.1.4. E1ectrical resistivity ...................................................... ······························18 

3.1.5. ~;pecific heat ...................................................... ········································20 



3.2. Physical properties of Ce7Ni3 at high pressures ··············································22 

3.2.1. lUnit-cell volume ...................................................... ·········· .... ·· .... ·· .......... ·22 

3.2.2. AC magnetic susceptibility ...... · .. · ...................... · .... · ...... · .. · ...... · .. · .. · .. · ...... ·24 

3.2.3. !Specific heat .... ·· ...... ·· .................... ·· .................. ·· .... ·· .... ·· .......................... 26 

3.2.4. :Electrical resistivity ...................... ·· ........ ·· ........ ·· .... ·· ............ ·· .......... ·· ...... 28 

Chapter 4 Discussion 

4.1. Electronic state of Ce
7
Ni

3 
at ambient pressure .......... · ........ · .. · ........ ·· .... · .......... 30 

4.2. Pressure dependence of antiferromagnetic transition temperature .................. 31 

4.3. Pressure dependence of Kondo temperature in the Fermi-liquid region ........ 32 

4.4. Crossover from non-fermi-liquid to Fermi liquid ...................... · ............ · .... 35 

4.4.1. Two-channel Kondo effect ................................ ·· ........ ·· ...... ·· .. ·· ........ ·· .. ·35 

4.4.2. Impurity Kondo model with distributed Kondo temperatures .............. 36 

4.4.3. SCR theory of spin fluctuations .... · ...... · .............. · .. · .. · .... · .... · ........ · ........ ·38 

4.4.4. Application of SCR theory to Ce7Ni3 near the antiferromagnetic 

instabilty ........................................................................................ ···· ...... ·40 

4.5. Pressure dependence of Kondo effect and spin fluctuations · ................ · ........ 44 

Chapter 5 Conclusion .................................................................................. 48 

Acknowledgments .. ........................................................................................ ·· .. ·· ............ 50 

References ......................................................................................................................... 51 



Abstract 

The pressure dependence of transport, magnetic and thermal properties of a heavy­

fcnnion antiferromagnet Ce7Ni3 has been investigated. At ambient pressure, this compound 

orders antiferromagnetically below TN = 1.9 K and exhibits a large Sommerfeld coefficient 

of 9 J/K?mol tu. The Ce ions in the three nonequivalent sites are found to be very close 

to trivalent froIn LnI-XANES (X-ray absorption near edge structure) spectra and magnetic 

susceptibility nneasurements. The resistivity and magnetization are strongly anisotropic at 

temperatures below TN = 1.9 K. The combination of Kondo effect and crystal-field effect 

substantially reduces the specific heat, magnetic entropy and magnetic moment in the 

anti ferromagnetic state. The Kondo temperature T K is estimated to be ~ 5 K from the values 

of the specific heat jump and of the magnetic entropy at TN' 

With increasing pressure, TN of Ce7Ni3 is substantially suppressed and vanishes near 

Pc = 0.32 GPa. Non-Fermi-liquid (NFL) behavior appears around 0.4 GPa in both the 

-specific heat and AC magnetic susceptibility; CrrlT oc -lnT and XAC oc (1- a T 1/2). Thus, 

Ce7Ni3 is found to be the example of the ordered compound showing the NFL behavior 

near the magnetic instability. Above 0.62 GPa, the normal Fenni-liquid state recovers as 

indicated by the T -independence of CmlT and the T 2 -dependence of magnetic resistivity. 

The observed crossover in Cm(1) with pressure is analyzed in tenns of two models, the 

impurity Kondo model with three Kondo temperatures and the SCR theory of spin 

fluctuations (SF) . It is found that the NFL behavior in CmlT is better described by the SCR 

theory. The characteristic SF temperature To increases by a factor of 20 for 0.33 ~ P ~ 

0.75 GPa, yielding a large Griineisen parameter re = 220 around 0.4 GPa. 



1. Introduction 

1.1 Phase dia~~ram of Kondo lattice system 

Heavy':""fermion compounds have been the focus in the field of strongly correlated 

electron systenls. They contain lanthanides such as cerium and ytterbium, and actinides 

such as uraniUJTI and plutonium in regular lattice sites. Many of them order magnetically 

at low temperatures, although the Kondo effect at each f ion is expected to promote a 

nonmagnetic ground state. 

Doniach proposed phase diagram 1) for the Ce-based Kondo lattice as shown in Fig. 

1. The Neel tenlperature TN' Kondo temperature TK and the characteristic temperature TRKKy 

of the RKKY interaction, are described by a common parameter IJN(EF) I, where J is the 

exchange coupling between the 4f electron and conduction electrons and N(EF) is the 

conduction-band density of states at the Fermi level. In the region of small IJN(EF) I, T K 

is lower than TRKKy and the compound undergoes an antiferromagnetic transition. With 
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Fig. 1. Schlematic phase diagram for a Kondo lattice showing the N eel temperature 
TN' the Kondo temperature TK and the RKKY energy as a function of the product 
IJN(EF) I (from ref. 1). 

1 



increasing IJN(EF) I, TK exceeds TRKKy and then the magnetic order is suppressed. When 

IJN(EF) 1 exceeds the critical value IJN(EF) 10 the ground state becomes nonmagnetic with 

huge values of Sommerfeld coefficient y(=CIT(T-.O)), a Pauli-like spin susceptibility X, 

and the coefficient A of the T 2 -dependence of electrical resistivity p with a relation y oc 

X oc A l!2(ref. 2). The low-temperature properties have been generally described within the 

framework of the conventional Fermi liquid theory. With further increasing IJN(EF) I, the 

system becomes an intermediate valence state. 

1.2. Non-Fenni-liquid behavior 

Recently, non-Fermi-liquid (NFL) behaviors, CIT oc -lnT, X oc (1- aT 112) and dp 

oc T have been reported for some U- and Ce-based alloys near IJN(EF) 1= IJN(EF) Ie when 

the magnetic state is destroyed by the substitution of the constituent elements. A two­

channel Kondo model was proposed to explain the NFL behavior in U-based systems such 

as Uo,2Yo,sPd3,3) Thl_xUxRu2Siix~0.07) (ref. 4) and Uo,9Tho,lBe13.S) However, this model is 

not adequate to describe the NFL behavior observed in CeCus,9AuO,i' 6) CePtSiO,9GeO,l ,7) and 

Ce1_xLaxRu2Silref. 8,9) with orthorhombic or tetragonal site symmetry for Ce3
+. In both 

CeCu 6_xAux and CePtSi l-xGex, the ground state changes from a nonmagnetic state to an 

antiferromagnetically ordered state near Xc = 0.1, where the NFL behavior has been 

observed. 

Dobrosavljevic et al. have shown that a distribution of TK in a disordered systems 

induces diverging magnetic susceptibility X as T -. 0, i.e., non-Fermi-liquid behavior. lO
) 

Bernal et al. have shown that the temperature dependence of X and C of UCus_xPdx are in 

agreement with the model. ll
) The distribution in T K can be led from fluctuations in the 

exchange coupling between the 4f and conduction electrons, J, or in the density of state of 
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conduction electrons, N(EF). 

Moriya and Takimoto have applied the self-consistent renormalization (SCR) theory 

of spin fluctuations (SF) to the heavy-fermion systems near the antiferromagnetic 

instability. 12) They have argued that the dynamical susceptibility of the systems mainly due 

to the f-electrons can be described in terms of mutually interacting local spin fluctuations. 

According to the SCR theory, the temperature dependence of specific heat and resistivity 

is represented as a function of the characteristic SF energy TO.12) The calculation have 

shown that the specific heat and resistivity exhibit the temperature variation of the NFL 

form, CIT oc -lnT and p oc T in a certain range of temperature around To, and the form, CIT 

oc 1-T 1/2 and p oc T 3/2 at the critical boundary (yo = 0). Kambe et al. have used this 

theory to analyze the data of C and p of CeI_xLaxRu2Si2 8,9) and CeCu6_xAux,9) and have 

argued that the NFL behavior is the consequence of antiferromagnetic SF of 4f electrons 

with characteristic energy much smaller than that in itinerant 3d-electron systems. They 

have pointed out further that the lattice disorder introduced by the alloying must be taken 

into account, because the SCR theory assumes a perfect lattice. Therefore, a systematic 

study of physical properties near the magnetic instability is desired by using a heavy­

fermion compound with an ordered crystal structure. In this respect, we should recall that 

for magnetically ordered Ce compounds in the region IJN(EF) I < IJN(EF) 10 pressure 

increases hybridization and thus moves the system to the larger IJN(EF) I region. l3
) Indeed, 

the pressure-induced transition from antiferromagnetic to nonmagnetic state has been found 

in several compounds, e.g., CeIn3 (ref. 14), CeRh2Si2 (ref. 15) and CeCu2Ge2 (ref. 16). 

More recently, for the antiferromagnetic heavy-fermion alloy CeCus.7Au0.3 (TN = 0.49 K 

for P = 0), the NFL behavior in C(T) was observed at the critical pressure Pc = 0.82 GPa 

where TN vanishes. I7) 
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1.3. Structural! and magnetic properties of Ce7Ni3 

In the Ce-·Ni binary phase diagram, there exist 6 ordered compounds, which show 

various magnetic and electronic properties. The cerium in CeNis and CeNi possesses the 

intermediate valence state, IS) leading to a nonmagnetic ground state. On the other hand, 

Ce7Ni3 orders antiferromagnetically below 1.8 K.lS) Sereni et al. have found that the 

magnetic order coexists with a heavy fermion state. 19
) Figure 2(a) shows the temperature 

dependence of specific heat divided by temperature CIT in a magnetic fields. A large value 

of r = 9 J/K2rIlol f.u. is obtained from the extrapolation to T = 0 K at B = O. While the 

anomaly around 1.6 K is due to the antiferromagnetic order, the origin of the anomaly near 

0.4 K has not been elucidated yet. The anomaly at the lower temperature is also observed 

in XAC as shown in Fig. 2(b ).19) 
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Fig. 2. (a) Specific heat divided by the temperature CIT vs. T for Ce
7
Ni

3 
in 

magnetic fields B = 0 T(e ), 0.2 T(6), 0.5 T( 0) and 6 T( II), and (b) specific heat 
(e ) and A.C magnetic susceptibility (0) vs. T (from ref. 19). 
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Fig. 3. The hexagonal Th7Fe3-type structure for Ce7Ni3 • The circles 1,2,3 and 4 
stand for eel' Cell' Cern and Ni, respectively. 

Ce7Ni3 crystallizes in the hexagonal Th7Fe3-type structure (space group P63mc) as 

shown in Fig. 3.20
) There arc three nonequivalent crystallographic Ce sites (I,II, and III). 

The site I (1 Ce atom) has trigonal symmetry (point group C3v), and both site II (3 Ce 

atoms) and III (3 Ce atoms) have monoclinic symmetry (point group C1v). Sites I and II 

. have space enolllgh for Ce3
+ ions, while the space of the site III is about 5 % smaller and 

trivalent state might be unstable. 19) From the comparison of the specific heat of Ce7Ni3 with 

that of Ce7Rh] and electrical resistivity, it was conjectured that the Cel in Ce7Ni3 

antiferromagnetically orders and the Cell behaves as a Kondo impurity with TK = 4 K and 

the CellI is in the intermediate valence state with a characteristic temperature To = 70 K.19) 

However, from the measurement of Ce Lm-XANES spectra at 300 K, Neifeld et a1. showed 

that the valence of Ce in Ce7Ni3 was 3.03.21) Furthermore, from the Ce 3d X-ray 

photoelectron spectroscopy (XPS) (ref. 22) and bremsstrahlung isochromat spectroscopy 

(BIS),23) the relative intensities of the "f" peaks in spectra were estimated to be < 0.05 and 

0.02 ~ 0.08, respectively. These results suggest that the valence of all the Ce ions in Ce7Ni3 

is close to 3. 

5 



1.4. Purpose of the present study 

In order to check the valence state of Ce ions in Ce7Ni3, we have measured Ce LrrI­

XANES (X-ray absorption ncar edge structure) spectra at 10 ~ T ~ 300 K. Measurements 

of magnetic susceptibility, magnetization and specific heat have been performed in order 

to clarify the magnetic state of this compound. 

Furthermore, since the TN (= 1.8 K) for Ce7Ni3 is rather low, it is expected that the 

antiferromagnetism can be destroyed by the application of pressure in the accessible range. 

Near the transition from magnetic to nonmagnetic state, we also anticipate that the non­

Fermi-liquid behavior appears. As a matter of fact, the pressure induced transition has been 

found by the measurements of specific heat, AC magnetic susceptibility and electrical 

resistivity under pressures. 

In the follo'l-Ving, the method of sample preparation and experiments are described in 

Chapter 2. The experimental results are presented in Chapter 3. In Chapter 4, we analyze 

and discuss the pressure dependence of the physical properties of Ce7Ni3 in terms of the 

SCR theory of spin fluctuations and the impurity Kondo model with distributed Kondo 

temperatures. 
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2. Experimental procedure 

2.1. Sample preparation 

Ingots of Cc7Ni3 and La7Ni3 were prepared by arc melting of the starting materials 

under an argon atmosphere. Starting materials of Ce and La were 99.9% and Ni was 

99.99% in purity. The X-ray powder diffraction pattern of as grown samples with initial 

stoichiometry of Ce7.ooNi3.oo, Ce7.07Ni2.93' and Ce7.14Ni2.86 are shown in Fig. 4. It is found that 

Ce7.07Ni2.93 is single phase of the Th7Fe3 type structure, while Ce7.ooNi3.oo and Ce7.14Ni2.86 

contain CeNi phase(CrB-type orthorhombic structure)(ref. 24) and y-Ce(fcc structure)(ref. 

25) as the second phases, respectively. More detailed analysis of X-ray diffraction 

indicated that single phase sample was obtained in the starting composition range from 7.05 

: 2.95 to 7.10 : 2.90. From EPMA (electron probe micro-analysis), it was found that the 

ratio of Ce and l'li in the matrix of both Ce7.osNi2.9s and Ce7.07Ni2.93 was 7.00 : 3.00 within 

the relative accuracy (± 0.03) of EPMA. In both samples Ce oxides were found as impurity 

phase which corresponds to an excessive amount of Ceo This fact suggests that the excess 

Ce becomes oxides due to oxygen contained in the starting Ce metal. In this work, an 

excess Ce and L:l by about 2at. % was added to obtain single-phase samples. The alloy 

ingots wcre homogenized by annealing in vacuum at 400°C for 7 days. By powder X -ray 

analysis, the lattice constants a and c of Ce7Ni3 were determined to be 9.936(1) A and 

6.314(1) A, respectively, in good agrecment with the values reported. 26) A single crystal of 

Cc7Ni3 was grov.'ll by a Czochralski method using a hot tungsten crucible in a radio­

frequency furnace. The crystal orientation was determined by the back Laue method. 
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Fig. 4. Powder X-ray diffraction profiles of the samples with nominal 
compositions Ce7,ooNi3,OO' Ce7,07Ni2,93 and Ce7,14Ni2,86 using Cu Ka radiation. 
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2.2. Magnetic and transport measurements at ambient pressure 

The Ce Lnc-XANES spectra were taken using the facility of BL-7C of the Photon 

Factory in the National Laboratory for High Energy Physics. The electrical resistivity in 

the range of 1.5 :~ T $ 300 K was measured by a DC four-terminal method. The specific 

heat measurement was carried out by using a adiabatic calorimeter (1.3 $ T $ 60 K), and 

an AC calorimeter (10 $ T $ 300 K). Magnetization in magnetic fields up to 8 Twas 

measured by using an extraction method in a 3He cryostat in the cooling process from 4.2 

to 0.5 K. The magnetic susceptibility was measured by using a SQUID susceptometer in 

the range of 2 $ T $ 300 K. 

2.3. Measurements at high pressures 

2.3.1. Electrical resistivity 

The electrical resistivity under pressure up to 1.5 GPa was measured by a DC four­

terminal method in the range of 0.35 $ T $ 300 K with a clamp-type piston cylinder 

pressure cell as shown in Fig. 5.2
7) In the cell, the holder and cylinder(inner diameter 6 

mm) were made of an annealed Cu-Be alloy, and the piston and backing plate of a 

tungsten carbide. The pressure medium was 1:1 n-pentane - isoamyl alcohol. This pressure 

cell was mounted to a 3He cryostat (Heliox, Oxford Instruments Ltd.). The temperature was 

measured by using a calibrated Ge thermometer(0.3 $ T $ 4.2 K) and a carbon glass 

resistor( 4.2 $ T $ 300 K), which are respectively attached to the outside of the cylinder 

and mounted to the 3He pot. The pressure was estimated with a superconducting Pb 

manometer, which was located in the neighborhood of the sample. 
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Fig. 5. Clamp-type piston cylinder pressure cell (from ref. 27). 
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2.3.2. AC nlagnE:~tic susceptibility 

The measurement of Xi\C was performed by means of the Hartshorn bridge in the 

ranges of 0.35 ~ T ~ 4 K and 0 ~ p ~ 0.62 GPa with the same pressure cell mentioned 

above. The numbers of turns in the primary and pick-up coils were 567 and 288, 

respectively. The frequency and magnetic field were 100 Hz and 1.8 Oe, respectively. The 

Hartshorn bridge was balanced at room temperature using the electric circuit with 

operational amplifiers. 28
) The voltage of the pick-up coil was amplified by one thousand 

times using an AD524 amplifier and was input to a two-phase lock-in amplifier (5610B, 

NF ELECTROl'HC INSTRUMENTS Ltd.). The pressure was estimated with a 

superconducting Pb manometer inserted into the coil. 

2.3.3. X-ray diffraction 

X-ray diffraction experiments under pressures were carried out with monochromaced 

Mo Ka radiation at room temperature. The camera length was estimated from the Debye­

Scherrer rings of NaCl. Quasihydrostatic pressure was generated by a diamond anvil cell 

(MK 50, Shimizu Seisakusho) using a pressure medium of silicone grease. The weight and 

culet diameters of the diamond were 0.12 cts and 0.8 mm, respectively. The powdered 

sample mixed with NaCl powder and a ruby chip were placed in a 0.3 mm hole at the 

center of a stainless steel gasket of 0.5 mm in thickness. The pressure in the cell was 

determined by a ruby fluorescent method. 29
) 

2.3.4 Specific heat 

The heat capacity C up to 0.75 GPa was measured using the AC method adapted for 

a high pressure studies. 30
) The sample, a thermometer of Ru02 and a heater of moleculoy 
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wire were lapped together in an indium sheet. By measuring the total heat capacity of 

Ce7Ni3 (3.22 mg) and the In sheet (20.31 mg), we calibrated both the pressure and the 

absolute value of C(1); the former was determined from the known pressure dependence 

of the superconducting transition temperature TcCP) of In, dT jdP = -0.42 KlGPa,31) and the 

latter from the jump of C at Tc•
32

) 
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3. Experimental Results 

3.1. Physical properties of Ce7Ni3 at ambient pressure 

3.1.1. Ce 4u-Xi\NES 

The LrrI-Xi\NES(X-ray absorption ncar edge structure) has been used widely to 

assess the valence of Ce in many heavy-fermion and intermediate valence compounds.33) 

The 2P3!2 (Lm) absorption, which favors a 2P3!2 -. 5d transition by a ~l = ±1 selection rule, 

leads to two possible final states, 

The are separated in energy by about 9 e V because the core hole attracts 4f1 configuration 

more than the 4fo.(ref. 34) There will be two absorption peaks (white lines) in the Lrn 

spectra, and the relative intensities give a determination of the valence. In fact, for the 

intermediate valence compounds such as CeNi2, CeNis and CePd3, two white lines have 

been observed. 33) 

Figure 6 shows Ce LrrI-XANES spectra for Ce7Ni3 at 300, 200, 100 and 10 K, after 

the back ground 'was subtracted. The fitted line was obtained by using a functional form 

of the sum of a Lorcntzian representing transition from the Ce 2P3!2 level into empty Ce 

5d states above the Fermi energy plus an arctangent step representing transitions to final 

states in the continuum. In the present spectra of Ce7Ni3, a single peak of Lrn edge is seen. 

This fact suggests that the valence of all the Ce ions in Ce7Ni3 is close to 3 over the 

temperature range. 
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Fig. 6. Cc Lm-XANES spectra of Ce7Ni3 at 300, 200, 100 and 10K. The dotted 
lines show a Lorentzian and an arctangent step. 
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3.1.2 Magnetic susceptibility 

The magnetic susceptibility and its inverse along the three principal axes of Ce7Ni3 are 

presented in Fig. 7, where the b axis is defined perpendicular to the a axis. The anisotropy 

along the a axis and the c axis is significant but the anisotropy within the a-b plane is very 

weak. Above 100 K, the data follow a Curie-Weiss law with paramagnetic Curie 

temperatures of -67 K and -24 K for H 1.. C and H II c, respectively. The effective 

magnetic moments per Ce atom are respectively 2.611lB and 2.52IlB' which are very close 

to the free Ce3
+ value (2.54 IlB)' This fact is an further indication of the trivalent state for 

all Ce ions in the three (I, II, and III) sites. The deviation of the data from the Curie-Weiss 

law, which becornes noticeable below 50 K, may arise from the crystalline electric field 

(CEF) effect. 

0 .. 5 500 

C e 7N i 3 

0,,4 
o H II a 

400..-. 
~ ..-. E 
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300~ - 0 .. 3 
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~ 0.2 :> 2005 
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(1,) ..... 

'-../ I 
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0.1 , 00 ~ 

0.0 0 
0 100 200 300 
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Fig. 7. DC magnetic susceptibility and the inverse along the a, b, and c axes of 
Ce7Ni3 single crystal, where the b axis is defined as perpendicular to the a axis. 
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3.1.3 Magnetizaltion 

The thermal variation of the magnetization divided by the external field of 0.05 T along 

the band c axes is presented in Fig. 8. For H II c, the temperature where d(x1)/dT has the 

nlaximum value agrees with TN = 1.8 K determined from the peak in em. The broad 

maximum at 0.6 K for H II b resembles with the previous data obtained for a 

polycrystalline sample, suggesting the presence of another magnetic transition. The field 

dependence of magnetization along the band c axes at 4.2 K, 1.2 K and 0.5 K are 

0.(3 

.. C e 7N i 3 
~ 

Q) •• • H=O.05 T 
u • • 

• \ 
0 

O.~~ • • 
E • • • 
" • • 

:::J • • 
E • • • • Q) • 

'--/ • H II c • • 
::I: • • 
" 0.2 . , ::E 

o . () '------'-'-----'----'------'------'----'---"",---'---.J 

o 1 2 3 4 5 
T (K) 

Fig. 8. Magnetization divided by the external field M/H vs. temperature of Ce7Ni3 

for H II band H II c at 0.05 T. 
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presented In Figs. 9(a), 9(b) and 

9(c),respectively. The magnetization was 0.6 

measured in the cooling process. In the 

virgin run for I-f II c at 1.2 K, the 
H II b 

0.4 

magnetization exhibits a hysteresis. In 

the second run, however, the 
0.2 

(a) 
metamagnetic transition occurs at 0.1 T 

for both increasing and decreasing field. 

No hysteresis is observed for H II b. 0.6 
T = 1 . ~2 ~K~fI'IH~II_c". .... 

With increasing field above 1 T, the 
r". 

magnetizations along the band c axes 
H II b 

increase continuously and reach 0.55 and '-' 

0.68 flr)Ce, respectively, at 7.5 T. This ::E O. 2 
(b) 

strong reduction of magnetization 
0~-+--4---~~--+--4--~~ 

compared with the free-ion value of 2.14 

fiB may be caused by the combination of T=0.5 K 
0.6 

the CEF effect and Kondo effect. 

0.4 
H II b 

0.2 
(c) 

O~~--~--~~--~--~~--~ 

o 2 4 6 8 
H (T) 

Fig. 9. Field dependence of magnetization of Ce7Ni3 along band c axes at 4.2 
}((a) , 1.2 K(b) and 0.5 K(c). 
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3.1.4. Electrical resistivity 

Figure 10 shows the temperature dependence of electrical resistivity p(T) along the a, 

b, and c axes of Ce7Ni3 single crystal together with that for La7Ni3 polycrystal. The p(T) 

along the three axes has a minimum at around 50 K and a maximum at around 6 K, and 

remains to be 120 - 130 {lQcm at 1.4 K. By contrast, p(T) of La7Ni3 decreases steely with 

decreasing temperature, and exhibits a superconducting transition at 2.1 K. The magnetic 

contribution to p(T) from 4f electrons was estimated by using the relation, Pm(T) = 

p(Ce7Ni3) - p(La7Ni3), which is shown in the inset of Fig. 10. The value of La7Ni3 below 
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Fig. 10. TeITlperature dependence of electrical resistivity p(T) along a, b, and c 
axes of Ce7Ni3 single crystal and La7Ni3 polycrystal. The inset shows the magnetic 
contribution Pm vs.logT. 
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2.1 K was evaluated by the extrapolation of p(T) data from 10 K to 3 K. Thus obtained 

Pm(T) for T ~ 50 K is proportional to -lnT, which is characteristic of so-called "dense 

Kondo system". The low-temperature part of p(T) is shown in Fig. 11. The maximum in 

p at 6 K is considered to be the onset of coherent scattering of conduction electrons from 

periodically arrayed Ce ions. It is noteworthy that p(T) for I 1\ c turns up below TN whereas 

magnetic scattering usually decreases below TN" This fact suggests that the 

antiferromagnetic order creates a partial gap along the c axis on the Fermi surface. 
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Fig. 11. Electrical resistivity of Ce7Ni3 along the three principal axes. 
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3.1.5. Specific he~at 

The temperahlfe dependence of the specific heat of CeT~Ii3 and La7Ni3 is shown in Fig. 

12. In order to estimate the magnetic contribution Cm' the value of C for La7Ni3 was 

subtracted from that for Ce7Ni3. Thus obtained CmlT per Ce atom is plotted in Fig. 13(a) 

as a function of T (on a logarithmic scale). A A-type and Schottky anomalies appear at TN 

= 1.8 K and 100 K, respectively. The large part of Cm in the range 2 < T < 50 K may be 

dominated by the Kondo effect. The specific heat jump at TN is dC = 1.5 J/molK, which 

is much smaller than 12.48 J/molK that expected for a magnetic conventional S=1/2 two-

level system. 
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Fig. 12. Temperature dependence of the specific heat of Ce7Ni3 and La7Ni3. 
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The temperature dependence of the 4f-derived entropy Sm is shown in Fig. 13(b). We 

estimated the value of Cm below 0.5 K by extrapolating linearly the data between 0.5 K and 

1 K. The entropy gain associated with the magnetic transition is 47 % of Rln2 at the peak 

position, and reaches Rln2 only at 35 K. The reduced magnetic entropy is a result of the 

Kondo effect. 

The entropy at 300 K is saturated to Rln4 expected for Ce3+ ions with the first excited 

doublet in the CEF level scheme. In Fig. 13(a), the solid line shows the Schottky 

contribution for the CEF splitting energy of 240 K. The calculated result reproduces the 

experimental data in the temperature range T > 60 K. 
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Fig. 13. (a)Temperature dependence of magnetic contribution to specific heat Cm' 
The solid line shows the Schottky contribution for the energy splitting of 240 K 
between the ground state and the first excited state. (b )Temperature dependence 
of the magnetic entropy Sm' 

21 



3.2. Physical properties of Ce7Ni3 at high pressures 

It is natural to expect that the antiferromagnetically ordered state of Ce7Ni3 disappears 

under pressure. Thereby, we anticipate non-Fermi-liquid behavior to appear. Keeping this 

in mind, we have studied pressure effects on the unit-cell volume, AC magnetic 

susceptibility XAC(T), specific heat e(T), and electrical resistivity peT). The results are 

presented in the following. 

3.2.1. Unit-cell volume 

In order to examine the volume dependence of characteristic temperatures of TN and 

TK for Ce7Ni3, it is required to know the pressure dependence of the unit-cell volume. 

Figure 14 shows the relative change of the room-temperature unit-cell volume VIVo as a 

function of pressure, which was determined from X-ray diffraction measurements. No 

sudden collapse of the volume like the y - a transition in Ce metal is observed up to 7 

. GPa. The linear decrease of VIVo with pressure can be accounted for by the Mumaghan-

Birch's equation as follows, 35) 

(1 ) 

The least-squares fit gives the bulk modulus Bo = 24.6 GPa and its volume derivative Bo' 

= dlnBot'dlnV = 2.1. The value of Bo for Ce7Ni3 is much smaller than that of typical heavy-

Fermion compounds such as CeA13 (50 GPa),36) CeCu6 (90 GPa),36) and CeInCu2 (97.2 

GPa),37) but is close to the value for y-Ce (18.9 GPa).38) 
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Fig. 14. Relative change of the volume VIVo of Ce7Ni3 as a function of pressure. 
The solid line is the fit to the Mumaghan-Birch's equation. 
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3.2.2. AC magnetic susceptibility 

Figure 15 shows the temperature dependence of XAC(T) of a polycrystalline sample of 

Ce7Ni3 at various pressures up to 0.62 GPa. At ambient pressure, the maximum at 1.9 K 

indicates the onset of the antiferromagnetic order. Furthermore, a broad swell exists around 

0.6 K, which coincides with the maximum in XDC(T) along the b axis shown in Fig.8. With 

increasing pressur,e up to 0.29 GPa, TN defined by the maximum temperature of XAC(T) 

decreases and the value of XAC at TN increases. As shown by the solid line in the inset, TN 

vanishes at Pc = 0.32 GPa. Above 0.4 GPa, XAC decreases strongly over the measured 
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Fig. 15. Temperature dependence of AC magnetic susceptibility XAC of 
polycrystalline Ce7Ni3 at various pressures. The inset shows the pressure 
dependence of antiferromagnetic ordering temperature TN" 
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tempcrature range. In order to trace the transition from the NFL bchavior to Fermi-liquid 

behavior, we prescnt in Fig. 16 the data of XAC vs T 1/2 at selected pressures betwecn 0.40 

GPa and 0.62 GPat. At 0.40 GPa, the NFL behavior, XAC ex (l-aT 1/ 2), is observed only 

below 1 K, while at 0.49 GPa it is observcd up to 5 K. At 0.62 GPa, XAC becomes almost 

independent of ten1peraturc, indicating the rccovery of Fermi-liquid behavior. 

1. 0 r------.----.-------r-----r--~-----, 
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Fig. 16. XAC(T) vs. T 1/2 for P = 0.40, 0.49 and 0.62 GPa 
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3.2.3. Specific heat 

Figure 17 shows C(T) of Ce7Ni3 and La7Ni3 at various pressures. For P = 0, a A-type 

anomaly appears at TN = 1.8 K. With increasing pressure, both the specific heat jump 

~C(TN) and TN decrease and vanish at Pc. The pressure dependence of TN will be discussed 

in the next section. The C(T) at low temperatures decreases steeply with pressure, while 

that of La7Ni3 hardly changes. The magnetic contribution to the specific heat Cm was 

estimated by the subtraction of C for La7Ni3. For this purpose, the value of C for La7Ni3 

under pressures was estimated by the linear interpolation between the two values at 0 GPa 
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Fig. 17. Temperature dependence of the specific heat of Ce7Ni3 and La7Ni3 at 
vanous pressures. 
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and 0.69 GPa. Thus obtained CmlT is plotted in Fig. 18 versus logT. At 0.33 GPa, the CmlT 

curve shows an upturn. At 0.38 GPa, however, CmlT is proportional to -logT over more 

than one decade in T, which is the NFL behavior. At a higher pressure 0.54 GPa, CmlT has 

a downward curvature below 4 K. Above 0.62 GPa, CmlT is saturated at low temperatures, 

indicating the recovery of the normal Fermi-liquid state. The variation of XACCI) and C(I) 

indicates that the crossover from non-Fermi-liquid behavior to normal Fermi -liquid 

behavior takes place between 0.38 and 0.62 GPa. 
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Fig. 18. Magnetic contribution to the specific heat CmlT vs. logT at various 
pressures. 
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3.2.4. Electrical resistivity 

Figure 19 shO'ws the temperature dependence of electrical resistivity p(T) along the c 

axis of Ce7Ni3 single crystal at various pressures up to 1.48 GPa. With applying pressure, 

p(T) strongly decreases over the temperature range, and eventually p(T) approaches that of 
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Fig. 19. Temperature dependence of the electrical resistivity measured along the 
c axis of Cc7Ni3 single crystal at various pressures up to 1.48 GPa. 
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The magnetic contribution to p(T) from 4f electrons was estimated by using the same 

relation at ambient pressure, i.e., Pm(P,T) = p(Ce7Ni3) - p(La7Ni3). As shown in Fig. 20, 

Pm(T) in high temperature range is proportional to -logT with the almost unchanged slope 

over the whole pressure range. At ambient pressure, Pm exhibits two maxima at 8 K and 

0.5 K and a local rninimum around 2 K. The lower maximum at 0.5 K may be related with 

the anomaly at 0.6 Kin M/H curve for H II b. This maximum in Pm disappears above 0.33 

GPa, at which the 1nagnetic order disappears. With increasing pressure further, the higher 

maximal temperature Tm increases and the value Pm(Tm) strongly decrease. Above 0.66 GPa, 

Pm(T) follows the T 2 law at low temperatures, Pm(T) = Pm(O) + AT 2, which is characteristic 

of the Fermi-liquid state. 
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Fig. 20. l\1agnetic contribution to electrical resistivity Pm for Ce7Ni3 along the c 
axis vs. temperature at various pressures. 
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4. Discussion 

4.1. Electronic state of Ce7Ni3 at ambient pressure 

In this section, we discuss the valence and magnetic state of Ce7Ni3 at ambient 

pressure. The anisotropy in both the electrical resistivity and magnetic susceptibility is 

weak for the paraJmagnetic state, even though the compound has a hexagonal crystal 

structure. Strong anisotropy was found in the resistivity and magnetization curve below TN' 

From Lru-XANES spectra and magnetic susceptibility measurements, the valence states of 

Ce ions in all the three sites are found to be very close to 3. Therefore, the electronic states 

of Ce ions in the Ce III site may not be distinguishable from those in the I and II sites. 

The electrical resistivity, magnetization and specific heat are strongly affected by the 

Kondo effect. We will estimate the Kondo temperature T K from these properties. The 

specific heat jump at TN = 1.8 K is de = 1.5 J/molK. Besnus et al. have shown that for 

many Ce Kondo systems de can be related to the ratio of T KIT N based on the molecular 

field calculation for the S = 1/2 resonant level model. 39) Using this relationship, the value 

of T KIT N for Ce7Ni3 is estimated to be 3, and in turn the T K is evaluated to be 6 K. This 

value of TK coincides with the temperature where Pm(T) has the maximum. 

The entropy change associated with the magnetic transition reaches 47 % of Rln2 

at TN as shown in Fig. 13(b). Using a simple two-level model with an energy splitting of 

kBT K,40) we can express the reduced entropy at TN as 

(2 ) 
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By using the values of Sm =2.7 J/KmoICe for Ce7Ni3 at TN' we obtain TK = 4 K, which 

agrees with the value estimated by the dC. This TK is within the values for typical heavy-

fermion compounds such as CeCu6 (5 K),41) CeA13 (6 K)(ref. 41) and CeCu2Si2 (10 K).42) 

4.2. Pressure dependence of antiferromagnetic transition temperature 

The pressure dependence of TN of Ce7Ni3 determined from XAC(l) and C(l) is shown 

in Fig. 21. Assuming the form TN ex IP-Pcl n, the parameter Pc and n is estimated to be 

0.32 GPa and 0.63, respectively, by the fit shown by the solid line in the figure. The 

exponent n for Ce7r~i3 is close to 2/3, which value was predicted for an antiferromagnet in 

three spatial dimension by Millis using renormalization-group techniques. 43) From the result 

of Fig.21, Grilneisen parameter r N = alnTN/alnV at P = 0 is found to be 74. The value is 
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Fig. 21. Pressure dependence of TN determined by AC magnetic susceptibility (e ) 
and specific heat (0) measurements. The solid line shows the fitting curve by the 
form TN = CIP-Pcl n. 
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much greater than that of Ce compounds with similar values of TN such as CeAl2 (TN = 3.8 

K, r N = 12).14) The r N for Ce7Ni3 becomes about 3000 around 0.3 GPa. The large 

Griineisen parameter may be the combined effects of the electronic state being close to the 

magnetic-nonmagnetic transition and of the critical balance between the Kondo and RKKY 

interaction at ambient pressure. 

4.3. Pressure dependence of Kondo temperature in the Fermi-liquid region 

Let us discuss the pressure dependence of T K estimated from the coefficient A of the 

T 2 -dependence of electrical resistivity in the Fermi-liquid region above 0.66 GPa. For P 

~ 0.66 GPa, from the double-logarithmic plot in Fig. 22, we find the relation Pm(T) -

Pm(O) = AT 2 in the low-T range, as indicated by straight lines. As pressure increases, the 

temperature range in which above relation holds becomes wider and the coefficient A 

drastically decreases, as shown in the inset of Fig. 22. The T K and the coefficient A can be 

related to the value of IIN(EF) I. On the basis of the periodic Anderson model,44) the 

following relation was obtained, i.e., 

(4 ) 

This equation means that the decrease of A with pressure as observed in Fig. 22 leads to 

the increase of IIN(Er) I. 

For the analysis of the volume dependence of IIN(Er) I, we use the compressible 

Kondo model,13) which was proposed by Lavagna et al. in order to explain the y-a 

transition of Ce metal. The volume dependence of IIN(EF) I is assumed as follows, 

(5 ) 
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where IJN(EF) 10 is the value of I.JN(EF) I at ambient pressure, q is a numerical constant 

usually taken to be: between 6 and 8, Vo and V are the unit-cell volumes at ambient 

pressure and at pressure P, respectively. 

For the discussion on the pressure dependence of A, we use the following equation 

obtained from eqs. (4) and (5), 

where A(0.66) and VO.66 arc the values of A and V at P = 0.66 GPa. 

To trace the P --dependence predicted by eq. (6), (-1/2)ln(A(P)/A(0.66)) is plotted in 

Fig. 23 as a function of exp(q(V-Vo)lVo) assuming q = 6. This figure indicates linear 
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Fig. 23. -(1/2)ln(A(P)/A(0.66)) vs. exp(q(V-Vo)lVo)) of Ce7Ni3 assuming q = 6. 
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dependence on the parameter exp(q(V-Vo)lVo)' The slope ofA(P) yields the values 4.5 x10-2 

for I.JN(EF) 10' The value is about half thosc for typical heavy-fermion compounds CeCu6 

(9.1 x10-2) and CelnCu2 (8.1 x10-2)45) estimated by the similar method. From eqs. (4) and 

(5), we obtain 

r:. 1 alnA 
2 alnV 

IJN(~F) d ~)exp(q V~~o) . (7) 

Equation (7) indicates that the value of rc· is inversely proportional to IJN(EF) 10 and 

increases exponentially with volume. Assuming q = 6, rc·(p = 0.66 GPa) is estimated to 

be 110. The critical value of IJN(EF) Ic for Ce7Ni3 is obtained to be 4.9x10-2 from eq. (5). 

The large values of rc· and r N for Cc7Ni3 can be ascribed to the fact that the value of 

4.4. Crossover front 000-Fermi liquid to Fermi liquid 

We now discuss the crossover from non-Fermi-liquid behavior to Fermi liquid 

behavior for Ce7Ni3 above P c=0.32 GPa. Different scenarios for the origin of NFL have 

been proposed so far i.e., (1) two-channel Kondo effect,3-5,46) (2) impurity Kondo model 

with distributed Kondo temperatures (ref. 10,11) and (3) self-consistent renormalization 

(SCR) theory of spin fluctuations (SF).12) The applicability of the first two models are 

briefly discussed. 

4.4.1. Two-channel Kondo effect 

Cox has sho\\rn that the two-channel magnetic Kondo effect anses III cenum 

compounds with Ce:3+ ions which have a r7 ground state in cubic symmetry sites (point 
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group 0) or a r 9 ground state in hexagonal symmetry sites (point group D 6) site. 46
) 

Among the three nonequivalent Ce sites in Ce7Ni3, the site I for one Ce atom has 

trigonal symmetry (point group C3v)' and the sites II and III with three Ce atoms each have 

monoclinic symmetry (point group Clv)' It is unlikely that the two-channel magnetic Kondo 

effect arises from the 4f electrons in these symmetry sites. 

4.4.2. Impurity Kondo model with distributed Kondo temperatures 

Next, we will discuss the applicability of the impurity Kondo model with distributed 

Kondo temperatures .. Because there are nonequivalent sites for Ce atoms in Ce7Ni3, the 

exchange coupling between the 4f and conduction electrons J may distribute so that the TK 

may be different for the three sites. In general, T K may depend on the site symmetry and 

inter-atomic spaces of Ce ions. Considering the Ce and Ni atoms as rigid spheres, atomic 

radii of Cel' Cery, and Cem are estimated to be 1.81 A, 1.76 A, and 1.72 A, respectively. 20) 

Therefore, we assurne that the Kondo temperatures are in order of the inverse of the 

volume, TK1(CeJ < TK2(Cen) < T K3(Cern). We further assume that the magnetic specific heat 

Cm is described by the summation of independent contributions from three types of Kondo 

impurities with spin 1/2, CmlT = CK1 (I) + CK2(II) + CK3(II1). The fitted results of CKI + CK2 

+ CK3 for 0.38 GPa and 0.54 GPa are shown by dotted lines in Figs. 24(a) and 24(b). T Kl' 

T K2 and T K3 are respectively 2, 10 and 24 K at 0.38 GPa, and 5.5, 19 and 30 K at 0.54 GPa. 

For comparison, the results of SCR theory(CscR) are shown in the solid lines. We will see 

that the SCR theory with less fitting parameters reproduce better the experimental data than 

the impurity Kondo model. 
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4.4.3. SCR theory of spin fluctuations 

Moriya and Takimoto (ref. 12) have pointed out that the dynamical susceptibility of 

nearly anti ferromagnetic heavy- fermion systems are described in terms of the SCR 

equations. The SCR theory involves following factors; 12) the staggered susceptibility at 0 

K, XQ(O) (Q is the antiferromagnetic ordering wave ve.ctor), the exchange energy J Q 

(roughly of the RKKY interaction) with an assumed dispersion J Q - J Q+q = Dq 2 up to the 

effective Brillouin zone vector qB' and the local dynamical susceptibility described as xd lU) 

= xJ(l-i lUff J. By combining these factors, the characteristic SF energy in the momentum 

space, TA , and that in the energy space, To, are respectively given by, 

2 

T =D qB 
A 2 I 

( 8 ) 

(9 ) 

The parameters y and Yo are connected to TA and XQ through the relation y = 1/(2T MQ(T)) 

and Yo = 1/(2T MQ(O)), respectively. At the critical boundary, Yo = o. 

The specific heat Cm due to the SF excitation is given by the following expression: 

em = 
T 

(10) 

(11 ) 

w w f ( w) = - + T 1 n [ 1 - exp ( - -) ] . 
2 T 

(12) 

where Fsf and fq are the magnetic free energy and the q-dependent SF energy. Neglecting 

the contribution from zero-point fluctuations, Cm at very low temperature is given by: 
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(13) 

where Xc is the cut-off wave vector in units of qB. In Fig. 25(a) , Cm divided by the reduced 

temperature t = TITo is shown versus logt. At the magnetic instability, Yo = 0, CmlT in the 

low T limit is finite and decreases in proportion to T 1/2, and then shows the logT 

dependence in the temperature range T ~ To. 
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Fig. 25. (a)Specific heat divided by reduced temperature t = TITo calculated by the 
SCR theory just at (yo = 0) and around (yo > 0) the antiferromagnetic instability. 
(b )Temperature dependence of electrical resistivity calculated by the SCR theory 
just at (yo = 0) and around (yo > 0) the antiferromagnetic instability (from ref. 12). 
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The static uniform susceptibility Xn at T = 0 K can be expressed as: 

The electrical resistivity p is given by: 

NOX:I (q, w) =nI: 0 (Ek-Ek_q-W) [f(Ek _q ) - f(E k ) ] , 
k 

(14) 

(15) 

(16) 

where J K , Xc", nc' No, n( w) and.tr e) are the exchange coupling between the conduction and 

4f electrons, the magnetic susceptibility of conduction electrons, the number of conduction 

electrons per magnetic atoms, the number of magnetic sites, the Bose and the Fermi 

functions, respectively. Figure 2S(b) shows the p as a function of logt. 12
) Apart from the 

critical boundary, p(l) is expressed as: 

p = r ( n ) (~)2 = AT2
, 

8 0.5 T 
Yo 0 

(17) 

where r is an adjustable parameter. Just at the critical boundary (yo = 0), p(l) for T -. 0 

can be expressed as: 

(18) 

In the temperature region T ~ To, p is proportional to t. 

4.4.4. Application of SCR theory to Ce7Ni3 near the aDitiferromagnetic instability 

We now apply the SCR theory to describe the observed ern(l) , XAC(l) and Prn(l) of 

Ce7Ni3 by using three parameters Yo, Xc and TO,12) where we assume that the electronic states 
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Fig. 26. Magnetic specific heat divided by temperature emiT vs. logT above 0.33 
GPa. Solid lines indicate the fit with the SCR theory (see text). Data for each P 
are shifted downward consecutively by 0.1 J/I(2molCe for clarity. 
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of Ce ions are identical in the three sites. First, the pressure dependence of Cm(T) above 

0.33 GPa is discussed. The solid lines in Fig. 26 are the results of fitting assuming Yo = 0 

for 0.33 :$; P :$; 0.54 GPa, Yo = 0.02 for P = 0.62 GPa and Yo = 0.1 for P ~ 0.72 GPa. The 

parameters Yo, Xc and To are listed in Table 1. Thus obtained To increases strongly with 

Table 1. Characteristic parameters of SCR theory for Ce7Ni3 obtained by fitting the 
temperature dependence of CmlT under pressure. Parameters Yo, Xc and To are the reduced 
inverse staggered susceptibility at 0 K, the cut-off wave vector in units of qs and the 
characteristic SF energy in the energy space, respectively[10]. 

P (GPa) Yo Xc To (K) 

0.33 0 0.57 2.3 

0.38 0 0.60 5.2 

0.54 0 0.71 13.5 

0.62 0.02 0.75 21.5 

0.72 0.1 1.0 37 

0.75 0.1 1.0 42 
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pressure as shown in Fig. 27. At the critical boundary, emiT is expected to follow the form 

emiT = Yo - {3T 112 for T « To. This form is not observed at P = 0.33 and 0.38 GPa down 

to 0.5 K because this temperature is not sufficiently below To. At P = 0.54 GPa, however, 

emiT follows the above form between 0.5 and 3 K, being far below To = 13.5 K. The 

Griineisen parameter re = -alnT c/alnV is estimated to be 220 around 0.4 GPa using the 

bulk modulus Eo = 24.6 GPa. The value of re for Ce7Ni3 decreases with increasing pressure 

and becomes 110 around 0.7 GPa. For other systems showing NFL behavior such as Ce1_ 

xLaxRu2Si2 and CeCu6_xAux, To hardly changes near the critical boundary when the unit-cell 

volume is decreased by decreasing X.
47
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Fig. 27. Pressure dependence of the characteristic temperature of spin fluctuations 
To for Ce7Ni3• 
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It is noteworthy that the value of XAC at 0.6 K in Fig.16 is reduced by one order of 

magnitude in the measured pressure range. From eq. (14), the observed decrease of XAC 

implies the increase of Yo and/or TA with increasing pressure. The relation of J oITA = 1 (ref. 

12) in turn suggests that pressure increases the RKKY interaction energy J Q' 

As mentioned previously, SCR theory predicts peT) ex: (T/To) 3/2 near the critical 

pressure. However, at P = 0.39 GPa, Pm(T) in the low-T range can not be described by the 

power law because our temperature range is not sufficiently low compared to To = 5.2 K. 

For P ~ 0.66 GPa, from in Fig. 22, we find the relation Pm(T) - Pm(O) = AT 2 in the low-T 

range, as indicated by straight lines. As shown in the inset of Fig. 22, the value A seems 

to diverge below 0.66 GPa, which tendency is expected from eq. (17) when the critical 

boundary is approached. This fact supports the assumption of Yo = 0 below 0.54 GPa for 

the above analysis of the specific heat. Furthennore, the extreme depression of A for P ~ 

0.66 GPa indicates strong increase of Yo and/or To, which is consistent with the result of 

To(P) deduced from that of the specific heat. 

To summarize the analysis in this section, we have found that the crossover in Cm(T) 

from the NFL behavior to the nonnal Fermi-liquid behavior in Ce7Ni3 is better described 

by the SCR theory of spin fluctuations than the impurity Kondo model. It is also found that 

the value of To for Ce7Ni3 increases by a factor 20 for 0.33 < P < 0.75 GPa, yielding a 

large Griineisen parameter re = 220. 

4.5. Pressure dependence of Kondo effect and spin fluctuations 

In this section, we discuss the pressure dependence of specific heat and electrical 

resistivity in the nonnal Fermi-liquid region above 0.62 GPa. In the Fermi-liquid state, the 

Sommerfeld coefficient, y, and the coefficient A of the T 2 -dependence of electrical 
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resistivity are related by y ex A. For many Ce- and U-based compounds, A/y has a 

universal value of 1.0 x 10-5 (uQcm/K?)/(mJ/moIK2).49) The values of A at 0.62 and 0.75 

GPa for Ce7Ni3 were estimated by the interpolation of the results of the inset of Fig. 22. 

CeCu2Si2 

Ce7Ni3 0.66 GPa. 

0.75 GPa • 

uPt: 

10-2 

1 0 -3 L..----I..---'---4.-~___L..._J_...L....L.....I...I...I..__'__..I-..I.._L..J~-"'---J........L....J..L..U.J 

10° 101 10 2 10 3 10 4 

7 (mJ/mo I K2) 
Fig. 28. Coefficient A of the T 2 term of the resistivity vs. the coefficient r of the 
T -liner term of the specific heat for various compounds. The solid line represents 
the ratio of A/r = 1.0 x 10-5 (uQcm/K2)/(mJ/molK2). 
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In Fig. 28, A and y for Ce7Ni3 are plotted on the data of some Ce- and U-based 

compounds. The value A/y at 0.62 and 0.75 GPa are 5.5 x 10-5 and 6.5 x 10-5 (uQcm/ 

K2/mol)/(mJ/moIK2), respectively. These values are independent of pressure, which implies 

that the one characteristic energy scale (T J governs both peT) and C(T) in the Fermi-liquid 

region. By the S=1/2 impurity Kondo model,50) TK is related with y by TK = Rn/(3y), where 

R is gas constant. Furthermore, the TK above 0.75 GPa can be estimated by using the above 

mentioned relation A/y = 5.5 x 10-5 (uQcm/K?/mol)/(mJ/rIloIK2). Thus determined values 

of T K agree with those of To as shown in Fig. 29. The variation of To(P) through the 

crossover continuously joined with that of TK(P) in the Ferrni-liquid region. It is noteworthy 

that the T K representing the energy scale of the single-site SF (ref. 49) agrees with the To 

related with the energy of the inter-site SF defined around the anti ferromagnetic wave 

vector or antiferromagnetic correlation. This fact may irnply that the antiferromagnetic 

correlation disappears above 0.7 GPa. 
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5. Conclusion 

In this thesis, the transport, magnetic and thermal properties of the heavy-fermion 

anti ferromagnet Ce7Ni3 (TN = 1.9 K, r = 9 J/K2mol f.u.) have been studied under pressures. 

When the antiferromagnetism vanishes for P ~ 0.33 GPa, this chemically ordered 

compound exhibits the NFL behavior in the AC magnetic susceptibility and specific heat. 

The results are summarized as followings. 

(1) The LuI-XANES spectra and magnetic susceptibility measurements indicate that all the 

Ce ions in the three nonequivalent sites are trivalent at ambient pressure. This result 

disagrees with the previous conjecture assuming an intermediate valence state for the Cem 

site. 19) 

(2) The magnetizations, the specific heat jump and magnetic entropy at TN = 1.8 K are 

much smaller than the values expected for free Ce3
+ ions. This reduction is ascribed to the 

combination of the CEF effect and Kondo effect. The Kondo temperature, T K' and the CEF 

splitting energy between the ground state and the first excited state doublet are determined 

to be 5 K and 240 K, respectively. 

(3) With increasing pressure TN decreases as TN(P) oc (p_·PJn with Pc = 0.32 GPa and n 

= 0.63. This critical pressure Pc is much smaller than that of usual Ce antiferromagnets 

with similar value of TN at ambient pressure, such as CeA12 and CeCu2Si2. The Grilneisen 

parameter of TN' r N = alnTNlalnV, is also greater than that of these Ce compounds. 

(4) At pressures 0.33 ~ 0.49 GPa just above Pc, non-Fermi-liquid behaviors appear in em 

and XA6 emiT oc -logT and XAC oc (I-aT 112). Thus, Ce7Nji3 is the example of the ordered 

compound which shows NFL behavior near the magnetic instability. For P > 0.62 GPa, the 

normal Fermi-liquid behavior recovers, as indicated by p(T) = Po + AT 2, XAC = const., and 

emiT = const. at low temperatures. 
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(5) The Griineisen parameter rc· of the Kondo temperature TK estimated from the 

coefficient A of T 2 -dependence of electrical resistivity above 0.66 GPa is evaluated to be 

110 around 0.66 GPa. The large values of r Nand rc· for Ce7Ni3 can be ascribed to the fact 

that the value of I.JN(EF) 10 is close to I.JN(EF) Ic. 

(6) The crossover in Cm(1) from the NFL behavior to the Fermi-liquid behavior is 

describable by the SCR theory of spin fluctuations. The characteristic spin-fluctuation 

energy To increases by a factor of 20 for 0.32 ~ P ~ 0.75 GPa, yielding a large Griineisen 

parameter rc = 220. 

(7) The coefficient A and y decrease strongly with increasing pressure above 0.62 GPa. The 

continuous increase in To(P) through the crossover (0.33 ~ P ~ 0.75 GPa) joins with that 

of TK(P) in the Fermi-liquid region (0.66 ~ P ~ 1.48 GPa). 
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