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1. Introduction 
The 1995 International Conference on Strongly Correlated Electron Systems has 

been a delightful combination of stimulating science in a setting of natural beauty and 
charm. On behalf of all the Conference participants, it is a pleasure to thank those who 
have worked so hard to make SCES'95 such a success. There are a few, however, who 
deserve special acknowledgment: Professors R. Vijayaraghavan (chairman), V. Nagarajan 
(secretary), R.S. Chaughule (treasurer), L.C. Gupta (chairman of the scientific program 
committee), S.K. Malik (cochair of the program committee), and E.V. Sampathkumaran 
(program committee). Our sincere thanks go to you and all those who have helped 
organize SCES'95. 

stood out as particularly interesting to me. In this regard, this summary is by no means 
exhaustive. Much new science has been reported in the past three and a half days and I 
apologize to those whose work will not be mentioned, In the following, I will briefly 
highlight some aspects of research associated with the "extended" Doniach model, Kondo 
insulators, borocarbide superconductors, oxides (including cuprates), other phase 
transitions, and new materials. During the discussion of Flouquet's presentation [l], he 
made a challenge to experimentalists and theorists that deserves repeating. This summary 
will close with Flouquet's comments. 
2. Extended Doniach model 

For this summary I have chosen what appeared to be central themes or what simply 

, Much of the work presented at the Conference dealt in one way or another with 
Doniach's Kondo-necklace model [2] and its extension f3] beyond the critical s-f exchange 
Jc required to suppress the N&i state in Kondo-lattice compounds. The phase diagram, 
sketched in Fig. 1, resulting from this model gives the groundstate of a Kondo lattice as a 
function of J, which determines both the Kondo temperature and the scale for Ruderman- 
Kittel-Kasuya-Yosida (RKKY) interactions. J can be tuned by a choice of material 
(elemental species and crystal structure), pressure and field, and this changes the relative 
importance of Kondo and RKKY interactions. Clearly, interesting physics will appear near 
the magnetic-non-magnetic boundary. This is where heavy-fermion superconductivity is 
believed to reside and where one might expect small-moment magnetism. In addition, 
proximity to a T = 0 phase transition near J, should produce strong quantum fluctuations 
and a non-Fermi-liquid groundstate characterized by temperature dependencies of 
measurable properties, e.g. resistivity, specific heat and magnetic susceptibility, that differ 
qualitatively from conventional Fermi-liquid behavior. 

[4]. Substituting isoelectronic Au for Cu in Ce(Cul-xAu,)6 expands the lattice and moves 
Clean examples of tuning J by choice of material were discussed by von Lohneysen 
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the system from a non-magnetic, heavy-fermion Fermi-liquid state (x = 0) to an 
antiferromagnetic metal (x > 0.1). At the crossover composition, x = 0.1, strong non- 
Fermi liquid signatures appear: at low temperatures, the specific heat C decreases as -Ttn 
T, the magnetic susceptibility falls as &(l - a f i )  and the resistivity increases linearly with 
increasing temperature. Application of a 3-T field restores Fermi-liquid behavior: C = q, 
x = ~0 and p = po + AT2. Expanding the lattice further (x = 0.3) drives the system well 
into a N&l state, TN = 0.49 K. At this composition, application of 8-kbar hydrostatic 
pressure tunes the N&l temperature to zero and a non-Fermi-liquid CYI' - -4n T dependence 
reappears. Specific heat measurements on CeCu-g3P&.07 show [5] precisely the same 
temperature dependence as found in the Au studies for x = 0.1 at atmospheric pressure and 
x = 0.3 at 8 kbar. This "Universal" behavior in doped cech(3 at its magnetic-non-magnetic 
boundary appears quite remarkable. 

and coworkers [SI, who studied the effect of pressure on CePd2Si2. At atmospheric 
pressure, CePd2Si2 orders antiferromapetically with a N&l temperature near 10 K. 
Applying pressure suppresses TN to below detectable lirnits at a critical pressure 
Pc = 27 kbar. At pressures near P,, superconductivity develops below a critical 
temperature T, 0.5 K, consistent with the belief that heavy-fermion superconductivity 
appearsnear J,. T, is a maximum and the width of the resistive transition into the 
superconducting state narrows as Pc is approached from pressures slightly below P,. That 
superconductivity appears below P,, even if the transition may not be complete, raises the 
question of whether superconductivity and long-range magnetic order coexist in this Ce- 
based material. Similar observations were reported on CeRh2Si2 [7], which has a critical 
pressure of -9 kbar. A further aspect of CePd2Si2 is that at 27.8 kbar, where 
superconductivity is well defined, the resistivity increases as TIe2 over a temperature range 
from Tc to near 30 K. This non-Fermi-liquid behavior needs to be confirmed by other 

Another very interesting example of groundstate tuning was reported by Grosche 

measurements, such as specific heat and susceptibility. 

magnetic-non-magnetic boundary depends sensitively on sample "quality". Jaccard et al. 
[8] find no evidence for pressure-induced superconductivity in CePd2Siz and a resistivity 
that increases as T2, i.e. Fermi-liquid &e. This sample, though, has a smaller residual 
resistance ratio than the one studied by Grosche et al. [6]. Perhaps "dirt" suppresses the 
superconducting state and induces the p = T2 behavior. (It remains to be seen if this 

The appearance of superconductivity and non-Fermi-liquid signatures near the 

temperature dependence characterizes a Fermi-liquid groundstate or if it is simply a 
consequence of the larger residual resistivity.) The absence of pressure-induced 
superconductivity in some CeRh2Si2 samples also may be a "dirt" effect. It seems that 
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much of what is being found in CePdzSi2 and CeRhzSi2 also is common to CeCu2Si2. As 
pointed out be Steglich [SI and Finsterbusch [lo], superconductivity in CeCu2Si2 is very 
sensitive to precise stoichiometry, strain and possibly other yet to be identified parameters. 
Slight variations in these parameters stabilize the so-called " A  phase in CeCu2Si2 that does 
not superconduct; however, application of only modest pressure (- 5 kbar) is sufficient to 
induce superconductivity. Suppressing this pressure-induced superconductivity by a 
magnetic field reveals a resistivity that increases linearly with T over a substantial low- 
temperature interval. Much work has been required to isolate those "dirt" effects in 
CeCu$32 and their relationship to heavy-fermion superconductivity. It appears that a 
similar effort may be required to understand groundstate tuning in isostructural CePd2Si2 
and CeRh2Si2. 

Non-Fermi-liquid signatures also are found in U-containing systems, as reported 
by Maple et al. Ell], Degiorgi et al. [12] and Aliev et al. E131 in Y1-,UXPd3, 
U1,Th~Pd2Al3 and U1-,ThXBel3, respectively. In these and other U-systems in which the 
U-sublattice periodicity is disrupted, the origin of non-Fermi-liquid signatures has been 
attributed frequently to the existence of a quadrupolar Kondo effect that is predicted 
theoretically [ 141 to appear if the U-ion is in a nonmagnetic doublet groundstate. Recent 
neutron-scattering experiments 1111 show, however, that U in YI,,U,P~~ has magnetic 
triplet groundstate, which seriously questions the applicability of quadrupolar Kondo 
model to this system. Resolving the origin of non-Fermi-liquid temperature dependences 
in Y1JJXPd3 is complicated m e r  by the finding [ 1 11 of fluctuations on a length scale of 
- 10 pm in the concentration of U ions. 

magnetoresistance, third-order susceptibility and Hall coefficient) by Aliev and coworkers 
[13], on U.gThlBel3 reveal temperature dependences consistent with predictions of the 
single impurity, quadrupolar Kondo model. Interestingly, at this thorium concentration the 
superconducting transition temperature of Ul-xThxBe13 goes to zero. Aliev speculates that 
the non-Fermi-liquid temperature dependences found for x = 0.1 may be due to proximity 
to a 
T = 0 quantum phase transition, in this case a superconducting one. In this regard, though, 
some form of weak magnetism coexists with superconductivity over a limited range of 
x < 0.1 and there is the possibility that this magnetism also may be influencing very low 
temperature thermodynamic and transport properties. 
3. Kondo hsulators 

Extensive measurements (specific heat, susceptibility, resistance, 

Kondo insulators remain a subject of considerable interest, in part, because one 
view [ 151 of these systems is that they represent a particularly clean limit of the more 
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general Anderson-lattice problem. Aside from CeNiSn and CeRhSb, which appear to be 
closer to the Kondo limit, other examples, such as Ce3BiJ?t3, s&6 and FeSi, exhibit 
properties that are associated commonly with mixed valence behavior. Crudely, it appears 
that the magnitude of the small semiconducting energy gap A scales approximately with the 
s-f hybridization, Le. A = Vs:/AE, where V,f is the hybridization matrix element and AE 
is the difference in energy between the f-level and the Fermi energy. In this sense, these 
materials might be considered more appropriately as "hybridization-gap semiconductors". 
As Fisk points out [ 161, optical and neutron spectroscopy experiments show that the gap 
disappears in a mean-field like way, with 2Ak~To = 3.5 where To is some characteristic 
temperature scale. In this and virtually all other regards, these materials are quite distinct 
from conventional semiconductors like Si. 

At sufficiently low temperatures, T < < A, the electrical resistivity of these materials 
should diverge. However, in all cases, their resistivity saturates to some finite, though 
large, value. This raises the question of whether these really are semiconductors or 
whether there are always intrinsic carriers as T -+ 0. Unlike Ce3Bi4Pt3 whose low- 
temperature resistivity increases as the material is made cleaner, the resistivity of single- 
crystal CeNiSn and CeRhSb becomes much lower [17]. In fact, the semiconductor-like 
increase in p(T) found in early studies on polycrystal and "dirty" single-crystal samples is 
absent or suppressed substantially in single crystals with very low impurity concentration, 
and this has led to the conclusion 2171 that CeNiSn is not a semiconductor but a semimetal. 
Although it is unlikely that a similar conclusion will be reached in other cases, such as 
SmB6 or Ce3Bw3, it is clear that very high quality single crystals Will be required to 
establish unambiguously the intrinsic groundstate properties of these and related systems. 

An apparently new member of this class of materials was reported by Kasaya et al. 
[18]. Resistance measurements on CeRhAs give activated behavior with a gap of - 145 K 
and its magnetic susceptibility passes over a broad maximum near 400 K, characteristic of 
strong mixed valence. This compound is isostructural with CeRhBi and CeRhSb, the 
former being a heavy fermion metal and the latter being possibly a small gap 
semiconductor. As Kasaya noted, there is a progression of increasing A with decreasing 
cell volume, i.e. with increasing s-f hybridization, in this isostructural, isoelectronic series. 
These systematics are what one might expect if the gap were due to hybridization. 
However, application of external pressure to CeRhAs rapidly decreases its charge gap and 
induces a metallic state at pressures above - 60 kbar. This counterintuitive result remains 
to be explained. 
4. Borocarbides 
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Appropriately, several papers at SCES’95 dealt with aspects of superconductivity 
and magnetism in rare-earth nickel borocarbides, discovered initially by the Tata group of 
Gupta, R. Nagarajan, Godart and Vijayaraghavan. These materials offer an excellent 
opportunity to study the interplay btween 4f moments and superconductivity. The report 
of superconductivity in DyNi2B2C at 6 K by Tomy et al. [ 191 now c o n f m  speculation 
that T, in the heavy rare-earth (RE) borocarbides scales with the deGennes factor, as 
pointed out by Gupta [20]. This is one of the few cases where such a clear relationship 
between magnetism and superconductivity is found. Thus far, however, superconductivity 
has not been discovered in TbNi2B2C, even though deGennes scaling would predict a Tc 
near 2 K. Perhaps, like DyNi2B2C, the Tb analogue may be very sensitive to precise 
stoichiometry. DeGennes factor scaling of T, suggests that the RE magnetism is relatively 
well-behaved and this is the case I211 for HoNi2B2C and ErNi2B2C. However, muon 
spin resonance experiments [22] find rather unconventional magnetism in TmNi2B2C in 
which there are relatively large fluctuations of the internal magnetic field superimposed on a 
small static component. It appears that the fluctuating component may be associated with 
Ni, but in any event, it seems unusual that T, of this compound also follows 4f-deGennes 
factor scaling. 

Another question raised by these compounds is where is YbNi2B2C? DeGennes 
scaling predicts a relatively high T,, on the order of 14 K, but thus far superconductivity 
remains to be found. Specific heat measurements [23] show a low-temperature upturn in 
UT, approaching a T + 0 value of 600 &/mole K2, typical of heavy-fermion behavior. 
There is the possibility, though, that this upturn is due to the approach to a magnetic 
transition, conceivably an unconventional one given the progression in “complexity” from 
relatively simple Er to Tm to YbNi2B2C. 
5. Oxides (including cuprates) 

Electronic correlations manifest themselves through a wide range of phenomena in 
oxide compounds. Because of this breadth, it is not possible to summarize adequately all 
their aspects, and Ijust mention some of the phenomena studied and reported at SCES’95: 
spin-Peierls transition in CuGeO3, giant magnetoresistance in (La,Sr)MnO3, metal- 
insulator transition in Y 1_,CaxTi03, and fxst-order, field-induced metal-insulator transition 
in Prl-,CaxMn03. Of course, there also are the cuprates, but, before discussing a few 
examples there, it is worth noting the deHaas-van Alphen results obtained by Julian et al. 
[24] on the two-dimensional superconductor Sr2RuO4 (Tc = 1 K). These authors have 
observed oscillations corresponding to several sheets of the Fermi surface. As expected 
from the crystallographic structure, these surfaces are nearly cylindrical and, further, are in 
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remarkably good agreement with LDA bandstructure calculations. Observed cyclotron 
masses account well for the measured Sommerfeld coefficient of specific heat. 

al. 1251 have discovered a new series of high-T, cuprates of the form R E S ~ ~ C U ~ - ~ M ~ O ~ ,  
where M = Re or W, x = 0.15 and z = 7.4. This series is unusual because it is a 1-2-3-like 
system but with Sr instead of Ba. Rhenium or W must be added to help accommodate 
strain introduced into the lattice by the smaller Sr atoms. Superconducting transition 
temperatures reach as high as 45 K for RE = Er, Ho and Y. Interestingly, Tc tracks the 
orthorhornic splitting in this series -- greater splitting produces higher T,. 

cuprates. Asayama [26] reviewed extensive NMR/NQR measmments performed in his 
group on both single- and multi-layer cuprates as a function of impurity concentration. 
Conclusions drawn from this work include: (1) The spin-lattice relaxation rate 1R1 is 
proportional to T3 for all cuprates at T c T,, consistent with a dX2-,,2 state in which pairing 
is mediated by spin fluctuations. (2) A T 3 0 Knight shift, when present, scales with the 
concentration of defects, which scatter at the unitarity limit. An interesting case in this 
regard is Ti! 2223 in which Asayama deduces Cu-Ca disorder, i.e. defects, that may be 
responsible for depressing T, by as much as 15 K. He argues that fully ordered T4! 2223 
should have a Tc equal to that of Hg 1223. (3) Finally, T, is determined not just by the 
total number of hole carriers but also by how the holes are shared between copper and 
oxygen. Though there may not be complete consensus within the high T, cornunity on 
all of these conclusions, it is clear that key issues are being identified and that substantive 
progress is being made in understanding the cuprates. 
6. Other Phase Transitions 

Among the oxides, cuprates still command center court. The group of Sequiera et 

NMR/NQR has proven to be an extremely valuable technique for understanding the 

Several phase transitions have been mentioned already but there are two others that 
deserve note. A subject of some interest at SCES'95 was the possibility of a first-order 
transition in the magnetization of superconductors near their upper critical magnetic field. 
Evidence for this Fulde-Ferrel-Larkin-Ovchinnikov (F'FLO) state appears in UPd2Al3 and 
CeRu;! [27], and possibly CeC% and UPt3 [27], all of which satisfy conditions necessary 
for the existence of an FFLO state, namely an electronic mean-free path long compared to 
the superconducting coherence length and a large spin susceptibility. Although observation 
of hysteresis in the magnetization near H,, may well be due to the FFLO state, as most 

authors assert, such a signature also can arise from a "peak effect" in the flux line pinning 
force. Remarkably, no measurements of the field-dependent pinning force in these 
superconductors were reported. It seems prudent that such experiments be made to rule out 
this alternative. The possible existence of the FFLO state is not restricted to unconventional 
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superconductors. Matsuda et al. [28] fmd a Hebel-Slichter peak and exponential decrease 
in the spin-lattice relaxation rate at T < T, in CeRu2, both characteristic of conventional s- 
wave superconductivity. 

UPdzAl3 that is doped with a small amount of Np. Five percent Np suppresses 
superconductivity (with little effect on the N&l temperature TN) in Ul-xNpxPd2A13 and 
induces a rapid increase in the low temperature resistivity. This effect can be tuned 
strongly with x and gives a resistivity reminiscent of that found 1301 in the heavy fermion 
antiferromagnet UCus, which undergoes a transition to an insulating state at a temperature 
near one-tenth of TN. Although this low temperature state in UCus has been known for 
nearly a decade, its origin remains a mystery, as noted by Nakamura et al. 13 11. These 
authors find a spin-lattice relaxation rate that increases a 9 at low temperatures, consistent 
with a density-of-states that increases linearly from zero with energy near the Fermi energy. 
This temperature dependence of 1/T1 is the same as that found [32] in early measurements 
on CeNiSn. 
7. NewMaterials 

Another very interesting phase transition was reported by Wastin et al. [29] in 

Several new materials were reported, especially by Malik and coworkers, 
Gschneidner, and others, but I comment on only one. Geibel et al. 1331 have discovered a 
new system Yb2Ni2Al that appears to be ripe for further investigation. The resistance of 
this material increases logarithmically below room temperature and passes through a well- 
defined maximum near 20 K before decreasing rapidly at lower temperatures. Its specific 
heat divided by temperature is characteristic of Ce-based heavy-fermion compounds, 
increasing strongly below about 7 K and reaching a value of 700 &/mol Yb at 0.5 K with 
no sign of magnetic order. nNi2Al  thus may be the first example of a Yb-based 
crystallographically ordered, heavy-fermion paramagnet with a low characteristic energy 
scale. Several experiments are suggested immediately. For example, it should be studied 
for comparison to Ce- and U-based heavy-fermion paramagnets. Its small characteristic 
energy scale suggests that only modest pressure might be required to induce magnetic 
order. In this case, it would be possible to approach Jc, the critical s-f exchange, from the 
paramagnetic, Fermi-liquid side of the extended Doniach phase diagram and to search for 
non-Fermi liquid effects near the non-magnetic-magnetic boundary. 
8. Flouquet's Challenge 

of a measurement was attributed to the possibility of poor sample '*qudity" or to the fact 
that the groundstate had not really been established because experiments had not been 
pushed to the lowest possible temperatures. Even when these were not an issue, it was 

Throughout this Conference, cases were cited where ambiguity in the interpretation 
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sometimes difficult, if not impossible, to compare carehl measurements to theoretical 
models because theoretical calculations did not result in closed-form expressions or were 
given in units not directly measurable. Substantial progress in understanding strongly 
correlated electron systems will come by addressing these deficiencies. This was stated 
quite clearly by Jacques Flouquet. Though not quoted verbatim, the gist of Flouquet's 
remarks take the form of a challenge to both experimentalists and theorists: To the 
experimentalists -- it is your responsibility to make the best measurements on the best 
samples possible; and to the theorists -- it is your responsibility to give experimentalists 
meaningful expressions to which data can be fit, even if it means making some reasonable 
and clearly-defined approximations. These are challenges well worth accepting. 
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Figure caption: 
Fig. 1. Phase diagram proposed for a Kondo lattice. The vertical axis is in units of 
temperature and the abscissa is the absolute value of s-f exchange parameter b 1 normaked 
by the critical value bc 1 at which the N&l temperature goes to zero. For b I< bc 1 the 
groundstate is antiferromagnetic (AFM), and for b I > b, I it is that of a paramagnetic 
Fermi-liquid (FL). At b 1 = bc [ non-Fermi liquid (NFL) effects are expected. 
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