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We review (i) an itinerant antiferromagnetic phase transition below 4 K in Ni-rich Ce(Cu t_,Ni,) ,Ge,  systems, (ii) the
coincidence at T = 0.63 K of both a structural lattice instability in "as-grown" (non-superconducting) CeCu2Si ., single
crystals and bulk superconductivity in annealed ones as well as (iii) antiferromagnetic and superconducting transitions at
TN = 4.6 K and T c = 1 K, respectively, in the heavy-fermion compound UNi,AI 3.

I. Introdt~ction

Heavy-fermion (HF) compounds are intermetallics
of Ce, Yb, U and Np for which kB T*, the energy of
the fundamental Kondo interaction, competes with the
indirect Ruderman-Ki t te l -Kasuya-Yosida  (RKKY)
interaction of energy kBTRKKV [1]. Whereas the first
interaction tends to form a non-magnetic singlet state
well below T* ( =  several kelvins), the second one
tends to arrest the Kondo reduction of the local f-de-
rived magnetic moments. Since in HF compounds
k a T *  and kBTRKKV are of the same order of magni-
tude [2], a variety of ground-state properties is ob-
served: for TRKKY > T*, local-moment magnetic order-
ing (LMM) develops below an ordering temperature
T m < TRKKY. As first observed for the exemplary sys-
tem CeAI 2, the ordered moments arc reduced [3],
while at the same time the electronic specific-heat
coefficient 3' ( =  135 m J / K  z mole [4]) is ~ubstantially
enhanced. For T* > TRKKV a Pauli paramagnetic state
is approached, which is characterized by very large
values of y and the Pauli spin susceptibility, A'~,, due to
extremely-heavy-fermion quasiparticles. For example,
y = 1.6 J / K  2 mole was found for the exemplary system
CeAI 3 [5], which corresponds to an effective carrier
mass of r n * =  300mee, mee being the free-electron
mass. A pronounced low-T decrease in the electrical
resistivity, o(T),  indicates a freezing out of the incoher-
ent scattering. Coherence among the heavy-fermion
quasiparticles is established below Too h << T*,  whcrc
p ( T ) - p o  obeys an AT"  dependence [5] (p .  is the
residual resistivity). For CeAI 3 (with T * - - 5  K and
T¢o h = 0.4 K [6]), A = 35 I ~  cm K-2. ~ scales with y
or m*. Correspondingly small values are estimated for
both the Fermi velocity, indicating a state of carrier
motion that is dominated by the large intra-atomic
correlation energies, and for the width of the 4f band

(~  kBT*), which forms below Too h at the Fermi en-
ergy, E v. At very low temperatures, the coherent heavy
fermions contribute to the Fermi surface as was
demonstrated by de-Haas-van-Alphen measurements,
e.g., on CeCu 6 [7] and UPt 3 [8].

Residual interactions between the heavy quasiparti-
cles of strength kB T* cause an inherent tendency of
the heavy-Fermi-liquid phase to become unstable
against either a superconducting [9] or a heavy-ferm-
ion-band magnetism (HFBM) [10] type of phase transi-
tion or both [11,12]. An increasing number of exciting
phenomena has been discovered [2] for the four known
HF superconductors (HFS) CeCu2Si 2 [9], UBel3 [13],
UPt 3 [14] and URu2Si 2 [15], such as non-exponential
temperature dependences of the specific heat and re-
lated thermal properties, multiphasc diagrams [16,17]
and the possible coexistence between superconductivity
and HFBM, the la t te r '  eing characterized by extremely
small ordered moments, g~= 10 -2 ~B [11,12]. For
both URuzSi 2 [11] and UPt 3 [12] the Nfel temperature
TN - 10T c. Apart from such similarities, several incon-
sistencies are found among HF superconductors. We
mention as an example the pronounced phase-transi-
tion anomaly that occurs for URuzSi 2 near T s = 17 K
[15] in spite of the tiny ordered moment. On the other
hand, no one was able to resolve a specific-heat
anomaly at TN = 6 K for UPt 3. These kinds of inconsis-
tencies, as well as the limited number of HFS, have so
far prevented a unified microscopic understanding, e.g.,
of the shape of A(k), the superconducting order pa-

' 3ramctcr, and of the pairing mechanism [1,',;,_].
In section 2 wc wish to focus on the Co-based

system Cc(Cu l_ ,Ni , )2Gc2 for which HFBM has been
cstablishcd at x > 0.5 [10]. Also, we shall briefly com-
ment on the possibility of HFBM coexisting with HFS
in CcCuzSi 2 [19]. In section 3, cvidcncc for a recently
discovered [20] novel type of lattice instability will bc
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presented. Subsequently, preliminary results on a new
HFS, UNi,AI 3 [21] will be shown in section 4 before
the paper is completed by a short perspective section.

2. Heavy- f ermion  band  m a g n e t i s m  in Ce  c o m p o u n d s :
Ce(Cu i - x Nix)aGez

The ternary compound CeCu2Ge 2 crystallizes in
the tetragonal ThCr2Si 2 structure. It is a local-moment
type of antiferromagnet with a N6el temperature of
TNI = 4.1 K [22]. TRKKV = 7 K, the temperature at
which short-range magnetic correlations develop, nearly
coincides with T * =  8 K [23]. The isostructural com-
pound CeNi2Ge, ,  with somewhat smaller lattice pa-
rameters a and c, T* = 30 K and y = 0.4 J / K  2 mole,
is a nonmagnetic heavy-fermion system [24]. Intensive
studies of the quasibinary solutions utilizing several
bulk techniques [25] and neutron scattering [10] re-
vealed the magnetic phase diagram of fig. 1, which
shows the concentration dependences of the magnetic
ordering temperatures Tn~ and TN2, and that of T*.
As expected [1], TNI(X) is strongly depressed by a small
Ni concentration, implying that TN~ ~ 0 for x-~ 0.2.
However, at higher Ni concentrations a second type of
antiferromagnetic ordering below TNE(X) develops
rather unexpectedly. In contrast to the strongly non-
monotic dependence of TN2(X) one finds a steady
increase of T*(x) .  The latter is inferred, e.g., from the
width of the quasielastic magnetic neutron line in the
paramagnetic Iow-T phase, as displayed in fig. 2 for
CeCu2Ge 2, Ceb ~ 2C and two quasibinary alloys with
x = 0.28 and 0.~
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Fig. 1. Left-hand scale: T N against x phase diagram for
Ce(Cu i -xNi,)zGe2 as determined from specific heat (v ,  v,
+ ), thermal expansion ( A, a, x ), dc susceptibility (e, ©) and
resistivity ([3) measurements [25]. Right-hand scale: T*
against x as determined from the residual quasielastic neu-
tron line width (e), thermal expansion ([]) and resistivity (O)
peaks. Positions of the latter are scaled by factors of 1.5 and
1.9, respectively, ref. [10]. The hatched area indicates the (T,
x) range of two subsequent antiferromagnetic transitions, see
ref. [10]. Thin dashed lines illustrate the possibility of heavy-

fermion-band magnetism in CeCuzSi 2, see text.
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Fig. 2. Neutron scattering intensities against energy transfer
for an average scattering angle 0=19 ° as obtained in
Ce(Cu t _xNix)2Ge2 for concentrations x = 0, 0.28, 0.65 and 1
at T = 5 K. The solid lines are the results of  fits using a

Lorentzian line shape [10].

Whereas for x>~ 0.28 all Ce(Cut_xNix)2Ge 2 sys-
tems exhibit quasielastic lineshapes of Lorentzian type,
strong deviations from the latter have been found in
the x = 0 spectrum (fig. 2a). They have been ascribed
to intersite spin correlations. These apparent  differ-
ences in the inelastic neutron-scattering spectra be-
tween low and high Ni concentrations have been sup-
ported by neutron powder diffraction results [10]. The
latter reveal for the most probable magnetic configura-
tions incommensurate spirals with substantially differ-
ent ordering wave vectors qo, e.g., q0 = (0.28, 0.28,
0.54) for x = C [23] and (0, 0, 0.14) for x = 0.5, given in
units of (2w/a ,  2 w / a ,  2w/c) .  In addition, the ordered
Ce moment decreases continuously from 0.74 ~ a  (x =
0) to 0.3 ~B (x = 0.5) and further to less than 0.2 ~B
(x = 0.65). Whereas the larger ordering wave vectors,
found for the LMM CeCu2Ge 2 and for low Ni concen-
trations, are typically of the order of the Fermi surface
diameters and, thus, indicative of RKKY interactions,
the small value of q0 for the x = 0.5 alloy characterizes
a modulated spin structure that extends over almost
ten unit cells. Along with the low ordered moment, this
fully meets the theoretical prediction of HFBM in a
Kondo lattice [26]. We conclude that

(i) at low Ni concentrations, (Kondo-reduced) local
, t , u l t t ~ . t t t S  a r e  ~ . u u l . , t ~ . u  v i a  a x t x a . ~  l l ~ t o c e s s e s  ' . . . t ~ : ^ t .  n l ~ . .

give rise to the short-range ordering effects visible in
fig. 2a, and

(ii) at x >/0.28 an itinerant type of ordering devel-
ops out of a heavy-Fermi-liquid phase for which the
magnetic neutron cross section is dominated by ~ingle-
site rclaxation effects (figs. 2b-d).

The magnetic phase diagram of fig. 1 suggests that
HFBM is suppressed and the transition to the nonmag-
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netic heavy-Fermi-liquid ground state induced near
x = 0.75. It can at present, however, not be ruled out
that antiferromagnetic ordering with an extremely small
p.~ value persists at even higher Ni concentration:: for
example, as mentioned before, no phase tran,,ition
anomalies can be resolved in the bulk propertic,, ,~car
T N = 6 K of UPt 3 with/z s - 2 x 10 -2 g a / U  [12]. ILf we
assume that

(i) long-range ordering of this kind of HFBM exists
in ee(CUl_xNi)zGe2, say, up to x --- 0.85,

(ii) the characteristic energies in the C e M , X :  ho-
mologs (M: transition or noble metal; X: Si or Gc) are
mainly determined by the volume, and

(iii) the (inverse of the) latter is satisfactorily simu-
lated by the Ni-concentration x,
we deduce for CeCu2Si 2 from T * =  15 + 2  K the
onset of HFBM below TN2 = 0.6-0.8 K (cf. fig. 1). In
fact, different techniques [27-29] revealed anomalies in
this temperature window that were tentatively ascribed
to antiferromagnetic ordering [28-30].
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Fig. 4. Ca) C against T for an "as grown" (non-bulk supercon-
ducting) CeCu,Si 2 single crystal. (b) a against T for the same
crystal measured along the [100] (el and [001] (I,) directions.
The inset in (a) shows the field dependences of the phase-
transition anomalies as derived from a against T measure-

ments along [100] at fixed B-fields [20].

3. Instabilities in the low-temperature phase of
CeCu2Si2

In order to shed light on the possibility of the
coexistence between superconductivity and HFBM in
this compound, Lang et al. [20] have recently investi-
gated new single crystals which, after an appropriate
heat treatment [31], exhibit T c =0.63 K and pro-
nounced supercopducting properties, as is demon-
strated in figs. 3a and b. "As grown" crystals, ~,~: the
other hand, do not show bulk superconductivity: in
bulk measurements like specific heat and thermal ex-
pansion they can, therefore, serve as non-supercon-
ducting reference compounds, cf. figs. 4a and 4b

We begin with a discussion of the results o~ ~he
annealed crystals: a comparison of the specific-neat
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Fig. 3. (a) Specific heat of an annealed CeCu2Si 2 single
crystal as C / T  against T. (b) Coefficient of linear thermal
expansion as a / T  against T for the same crystal measured

along the [100] (el and [001] ( • ) directions [20].

and the linear thermal-expansion anomalies (measured
along the a- and c-axes, respectively) via Ehrenfest's
r.Aation leads to the (hydrostatic) pressure derivative
( a s p ~ 0 )  of Tc

T~-'(aT¢/ap)v=o = Vmo,(2Aa,, + A a ~ ) / A C

= + 3.5 mK/kbar,

in close agreement with the value previously obtained
via pressure experimenls [32]. Thus, the material is
found to contract slightly stronger upon cooling in the
superconducting than in the normal state. No phase
transition anomalies, in addition to the superconduct-
ing ones, can be rcsolved for B ~ 4 T in the C(T) and
c~(T) data, in contrast to the "step-like" transitions
that show up in the T-dependences of certain elastic
constants [33].

Fully unexpected, clear mean-field-type phase-tran-
sition anomalies are found at T I = 625 mK in both
C(T)  and a ( T )  of "as-grown" crystals, i.e. in the ab-
sence of bulk superconductivity (figs. 4a and b). A,,
additional phase transition at T 2 = 115 mK is seen in
the thermal-expansion data only (fig. 4b). The B - T
phase diagram in the inset of fig. 4a suggests an anti-
ferromagnetic origin of the latter. The uppcr transition
is very likely not a magnetic one, since susceptibility
measurements have revealed only a ve.~, minor signa!
when passing through T = T 1 [33]. The Ehrenfest rela-
tion, which yields a gigantic negative (hydrostatic) pres-
sure derivative (OTi/Op)vo= = -200  mK/kbar,  shows
that already a few kbar will be sufficient to suppress
this transition. Lang et al. [20] ascribed their finding to
a lattice instability inherent to the heavy-Fermi-liquid
phase. The pronounced volume-expansion, which oc-
curs upon cooling the crystal from above to below
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T =  T 1, stabilizes the magnetic 4f configuration and, in
this way, may induce antiferromagnetic ordering at
T 2 < T~. No explanation is at present to hand for the
microscopic origin of the lattice instability at T t. Thc
most surprising discovery, i.e. that this transition tem-
perature coincides with the highest T~ value which can
be achieved in the same crystals upon optimal heat
treatment, indicates very clearly an intimate relation-
ship between the HF superconductivity and the new
lattice instability. Recalling the above discussion of a
possible HFBM state in the superconducting samples
and also taking into account the development of pro-
nounce,:! "dynamical magnetic correlations" at T >_ Tc
as deri~ed from recent Cu NQR and NMR measure-
ments [34], one is faced with a rather complex scenario.
It remains a challenging task to unravel the low-T
phase diagram of CeCu2Si 2 and, hopefully, the micro-
scopic origin of its superconductivity.

4. Coexistence of antiferromagnetism and supercon-
ductivity in U-based heavy-fermion compounds

Whereas URu2Si 2 [11] and UPt 3 [12] show long-
range antiferromagnetism with a low ordered moment
below T N = 10T c and the coexistence with HF super-
conductivity below T c, a recent proposal [35] of a
similar kind of magnetic ordering to develop at T N --- 8.8
K in UBe~3 has yet to be confirmed as an intrinsic
property of this compound. ,~n order to enlarge the
material basis for HF superconductivity, we have re-
cently initiated a systematic search for new examples.
As a result, Geibel et al. [21] discovered antiferromag-
netism below T N = 4.6 K and superconductivity below
T c = 1 K in the hexagonal compound UNi2AI 3. Fig. 5
displays the temperature dependence of its specific
heat in a plot of C / T  against T. As expected for an
antiferromagnetic phase transition, the ordering tem-
perature is only weakly depressed by an applied B-field

200  -- U N i  2 At 3 -
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E 150 / ~ 1 f " . . . . . . . . . . . . .  -N
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Fig. 5. C / T  against T for UNi2AI 3 at B =0  T (e) and 1 T
(+). The dashed line indicates an idealized jump at Tc: inset
shows antiferromagnetic phase transition foT B = 0 and 8 T

(©), respectively [21].

(cf. inset of fig. 5). The idealized specific-heat jump AC
at T c is smaller than Cn(Tc), the normal-state specific
heat at T c, and rather sample dependent. In the best
case, A C / Q ( T  c) = 0.5 was found [21]. This has to be
considered a lower bound of AC/Cct(Tc) , because
C,,(T¢) contains a spin-wave-derived contribution and,
thus, is an upper limit of the electronic contribution,
Cet(Tc). However, from the fact that AC and Cet(T c)
are of the same order of magnitude, we conclude that
the new compound is a bulk superconductor. In addi-
tion, UNiEA! 3 appears to be phenomenologically re-
lated to the HF superconductor URu2Si 2. In particu-
lar, their Sommerfeld coefficients extrapolated from
the paramagnetic phase to T =  0 are rather similar
(150-200 m J / K  2 mole), and their T c values are nearly
identical. On the other hand, the value of T N = 4.6 K
of the new compound is much lower than T N = 17 K in
URuaSi 2. This disproves universality of the empirical
"10% rule" (T c - -0 . IT  N) as extracted from the previ-
ously known U-based HS superconductors.

From the experimental value of the upper-critical-
field slope at T c, B~2 = 1.4 T / K ,  one estimates [36] for
the effective carrier mass in UNi2AI 3 m * =  50met.
Other  microscopic parameters (as T-~ 0) are g (BCS
coherence lengt.h) --240 A, k (magnetic penetration
depth) = 3300 A and K I, Ginzburg-Landau parameter)
= 14. Since the elastic mean free path is estimated
from the p(T) data to be ! = 450 = 2~, this compound
is another candidate, besides UPt3, for a superconduc-
tor with "non-conventional" order parameter,  whose
symmetry is lower than that of the Fermi surface [18,2].

The molar entropy released at the N6el tempera-
ture amounts to only 0.13R In 2, which points to a
relatively small/.t~ value as characteristic of HFBM. No
additional phase transition anomaly is found between
the lowest accessible temperature of T = 0.4 K and T c.
This suggests coexistence between HF superconductiv-
ity and HFBM, at least in this temperature regime.
Very recently, the homologous compound UPd2AI 3
has been found to show even more exciting properties,
e.g., T c = 2 K and T N = 14 K [37].

5. Perspective

Three kinds of instabilities have been discovered in
the heavy-Fermi-liquid phases that form in CeCu2Si~
and its homologous Ce-bascd partners: heavy-fcrmion
superconductivity, heavy-fermion band magnetism and
a lattice instability. The latter, though as yet unex-
plained, was assigned as inherent to the heavy-fermion
system. To what extent the development of supercon-
ductivity in CcCu2Si 2 relics on thcsc other two cooper-
ative phenomena remains to be unraveled by future
work. Like for URu2Si 2 and UPt3, the new heavy-
fermion superconductors UNi2A! 3 and UPd2AI 3 ex-
hibit an antiferromagnetic phase transition well above
T c. It should be noted, howevcr, that the large and
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commensura te  ordering wave vectors in the former two
compounds  [11,12] are at variance with the theoretical
prediction of  HFBM in Kondo lattices [26]. Another
open quest ion concerns the valence state of U in the
H F  superconductors  [2]. In the case of a (non-Kramers)
tetravalent 5f 2 configuration, a quadrupolar,  rather
than the usual  magnetic, Kondo effect might be operat-
ing to br ing  about the observed hea~-Fermi- l iqu id
phase and its instabilities [38].

St imulat ing discussions with N. Grewe, O.E. Cox, B.
Liithi and G. Bruls are gratefully acknowledged. This
work was performed within the research program of
the Sonderforschungsbereich 252 D a r m s t a d t / F r a n k -
f u r t /  Mainz.

References

[1] S. Doniach, Physica B 91 (1977) 231.
[2] N. Grewe and F. Steglich, in: Handbook on the Physics

and Chemistry of the Rare Earths, vol. 14, eds. K.A.
Gschneidner, Jr. and L. Eyring (North-Holland, Amster-
dam, 1991) p. 343.

[3] B. Barbara et al., Solid State Commun. 24 (1977) 481.
[4] C.D. Bredl et al., Z. Phys. B 29 (1978) 327.
[5] K. Andres et al., Phys. Rev. Lett. 35 (1975) 1779.
[6] C.D. Bredl et al., Phys. Rev. Lett. 52 (1984) 1982.
[7] P.H.P. Reinders et al., Phys. Rev. Lett. 57 (1986) 1631.
[8] L. Taillefer and G.G. Lonzarich, Phys. Rev. Lett. 60

(1988) 1570.
[9] F. Steglich et al., Phys. Rev. Lett. 43 (1979) 1892.

[10] F. Steglich et al., Physica B 163 (1990) 19. A. Loidl et ai.,
to be published.

[I 1] C. Broholm et al., Phys. Rev. Lett. 58 (1987) 1467.
[12] G. Aeppli et al., J. Magn. Magn. Mater. 76 & 77 (1988)

385.
[13] H.R. Ott et al., Phys. Rev. Lett. 50 (1983) 1595.
[14] G.R. Stewart et ai., Phys. Rev. Lett. 52 (1984) 679.
[15] W. Schlabitz, J. Baumann, B. Pollit, U. Rauchschwalbe,

[351
[36]
[37]
[3sl

H.M. Mayer, U. Ahlheim and C.D. Bredl, Abstracts of
the 4th Int. Conf. on Valence Fluctuations, Cologne,
1984 (unpublished): Z. Phys. B 62 (1986) 71. T.T.M.
Palstra et al., Phys. Rev. Lett. 55 (1985) 2727. M.B.
Maple et al., Phys. Rev. Lett. 56 (1986) 185.

[16] H.R. Ott et al., Phys. Rev. B 31 (1985) 1651.
[17] R.A. Fisher et al., Phys. Rev. Lett. 62 (1989) 1411.
[18] P. Fulde, et al., Solid State Phys. 41 (1988) 1.
[19] F. Steglich et al., J. Magn. Magn. Mater. 90 & 91 (1990)

383.
[20] M. Lang, R. Modler, U. Ahlheim, R. Helfrich, P.H.P.

Reinders, F. Steglich, W. Assmus, W. Sun, G. Bruis, D.
Weber and B. Liithi, Phys. Scripta, in press.

[21] C. Geibel et al., Z. Phys. B 83 (1991) 305.
[22] F.R. de Boer et ai., J. Magn. Magn. Mater. 63& 64

(1987) 91.
[23] G. Knopp et al., J. Magn. Magn. Mater. 74 (1988) 341.
[24] G. Knopp et al., Z. Phys. B 77 (1989~ 95.
[25] G. Sparn et al., J. Magn. Magn. Mat. 76 & 77 (1988) 153;

references cited in ref. [10].
[26] N. Grewe and B. Welslau, Solid State Commun. 65

(1988) 437.
[27] U. Rauchschwalbe et al., J. Magn. Magn. Mater. 63 & 64

(1987) 247.
[28] H. Nakamura et al., J. Magn. Magn. Mater. 76& 77

(1988) 517.
[29] Y.J. Uemura et al., Phys. Rev. B 39 (1989) 4726.
[30] F. Steglich, J. Phys. Chem. Solids 50 (1989) 225.
[31] W. Sun et ai., Z. Phys. B 80 (199(I) 249.
[32] A. Bleckwedel and A. Eichler, Solid State Commun. 56

(1985) 693.
[33] G. Bruls and B. Liithi, private communication.
[34] H. Nakamura et al., to be published. Y. Kitaoka et al., J.

Phys. Soc. Jpn. 60 (1991) 2122.
R.N. Kleiman et al., Phys. Rev. Lett. 64 (1990) 1975.
U. Rauchschwalbe et al., Phys. Rev. Lctt. 49 (1982) 1448.
C. Geibel ct al., Z. Phys. B 84 (1991) 1.
D.E. Cox. preprint.


