
熱力学的性質

In the late 1970s, in Cologne, 

Germany, Frank Steglich and cowork-

ers were the first scientists to observe 

an anomalous superconducting ground

state. They were measuring the low-

temperature properties of the cerium-

copper-silicon compound CeCu2Si2.

The behavior of this compound at tem-

peratures above 100 kelvins suggested

that, at very low temperatures,

CeCu2Si2 would become an antiferro-

magnet. That is, this compound showed

the standard inverse temperature depen-

dence of the magnetic susceptibility, as

shown in Figure 21, with a negative 

intercept on the temperature axis. It also

had a huge heat capacity at low temper-

atures, of the order of joules per mole-

kelvin, the size associated with localized

magnetic moments.4 On the other hand,

the magnetic susceptibility of CeCu2Si2
became temperature independent at low

temperatures, implying that magnetic 

ordering never took place. The real sur-

prise was a large jump in the specific

heat, as the compound went supercon-

ducting just below 1 kelvin. The specif-

ic heat of a superconductor at its transi-

tion point is shown in Figure 25. 

The opening of a large gap in the midst

of the huge heat capacity of CeCu2Si2
meant that the electrons that presum-

ably were localized and associated 

with large magnetic moments had 

become superconducting. But that 

conclusion simply did not make sense.

Localized electrons cannot even con-

duct electricity, much less be supercon-

ducting. These properties were 

considered so unlikely that they were

discounted as artifacts of bad samples,

but Steglich defended his results. 

Then, in the early 1980s, Los Alam-

os scientists found that the compounds

UBe13 and UPt3 have the same proper-

ties: very large heat capacities and a 

superconducting transition at low tem-

peratures. The Los Alamos results

made clear that a new ground state of

matter existed, one in which electron

interactions were so highly correlated

that only an extreme quasiparticle pic-

ture could cause that behavior. That is,

the electrons were so heavily clothed

by interactions that they acted as if

their masses were 1000 times larger

than the mass of a free electron. A heat

capacity that should typically belong to

magnetic moments belonged, in this

case, to the electrons moving through

the metal. 

The existence of this new ground

state blurred forever the distinction 

between localized and itinerant elec-

trons. Fully localized electrons, with

their definite energy levels, can be

thought of as belonging to an infinitely

narrow band. Because no energy levels

are near by, those electrons act as if they

had infinite mass—that is, they cannot

move at all. By analogy, the f electrons

in heavy-fermion materials occupy such

a narrow energy band that the electrons

act as if they had a huge mass—that is,

as if they were almost localized.

Zachary Fisk, Hans Ott, Al Giorgi,

Greg Stewart, Joe Thompson, Jeff

Willis, and other Los Alamos scientists

went on to identify more compounds

that had the same heavy-fermion, or 
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Figure 25. Specific Heat Signature of the Superconducting Transition 

in Niobium 

Common superconductors, such as niobium, show a drop in specific heat as the 

superconducting transition temperature is reached because a gap opens in the spec-

trum of possible electronic energies. It is this energy gap that makes the resistance 

of the material vanish. That is, once in the superconducting state, conduction electrons

cannot be scattered as they move through the material because the scattering would

cause them to have energies within the energy gap. If an external magnetic field is 

applied to the material, the superconducting transition will be suppressed, and the spe-

cific heat will vary with temperature as in a normal metal. Note that this plot is not 

a straight line because C, rather than C/T, is plotted on the vertical axis. The same 

specific-heat signatures of superconducting transitions occur in heavy-fermion com-

pounds such as CeCu2Si2 and UBe13 but at temperatures that are 10 times lower 

and with changes in specific heat that are 10 times larger.

4The electronic heat capacity of a magnetic ma-
terial is much larger than that of a normal metal
because the moments on all the atoms contribute
to the former whereas only T/TF of the conduc-
tion electrons contribute to the latter. The low-
temperature electronic specific heat of normal
metals is of the order of 1–10 millijoules per
mole-kelvin.

Nb

C % exp(-$/kBT)　：　エネルギーギャップの存在



Chapitre 6 - 110/159 

 

The four uranium heavy fermion superconductors 

compounds require consideration and knowledges on their bandstructure while, for the Ce, 

HFC qualitative previsions can be made from its local behavior (nf  , TK, !CF). For a view on 

the magnetism of U intermetallic systems the reader can look to the review article of 

Sechovsky and Havela (1998). We will focus mainly on the interplay between 

superconductivity and magnetism. 

 

In the previous works, either the requirement to apply a pressure or the difficulty to 

grow large single crystals have restricted experimental studies. Extensive data have been 

obtained on four different uranium heavy fermion superconductors UPt3 , UPd2Al3 , URu2Si2  

and UBe13. The growth of large crystals has allowed to perform combined studies notably 

neutron scattering experiments, quantum oscillation (de Haas van Alphen) NMR and various 

macroscopic probes. Our main aim is to stress important features of these unconventional 

superconductors :  

- the necessity to treat the impurity scattering in the unitary limit, 

- the consequence of lines of zeros or point nodes in the angular variation of the gap !k 

(low energy excitations, sensitivity to the Doppler shift even at low magnetic field, 

appearance of a normal fluid component at very low temperature directly linked with the 

change of sign of !k) 

- the relation between the spin pairing of the order parameter and Hc2  (T).  

 

 

Figure 49 : Specific heat of various HFC normalized to the value of C/T in the normal 

phase just above TC  (Brison et al 1994). 

 

Let us summarize briefly the main phenomena at zero pressure. The occurrence of bulk 

superconductivity is proved with the observation of marked specific heat anomalies at TC  

(figure 49) . Outside UBe13 , the three other compounds have specific heat jumps at 

“重い電子”の存在、及びそれが超伝導を担っている証拠



重い電子による超伝導

ギャップ構造の変化
ギャップの部分的消失

　full gap : Δ

　axial node : kx
2 + ky

2

　polar node : kz
2

状態密度の変化 熱力学量に反映



希薄磁性合金の電気抵抗極小 - 近藤効果
通常金属
"= "0 + aT5



高濃度近藤効果から重い電子状態
高温での不純物近藤効果ー低温でコヒーレント
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Solid-state electrotransport method
under ultra-high vacuum (10-11 Torr)

sample rod heated by dc current 100 A/cm2

impurities eliminated drastically
 Fe: 40 ! 1.5 ppm
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