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Abstract—Non-Fermi-liquid (NFL) temperature dependences of both the resistivity r(T) and the Sommerfeld
coefficient g(T) are observed for normal-state CeCu2Si2 and UBe13. For the former compound, the NFL effects are
related to the suppression (via pressure or suitable composition) of the spin-density-wave (SDW)-type ‘phase A’
(TA → 0). Upon approaching the quantum critical point, r(T) and g(T) behave very disparately, indicating a
decoupling of the itinerant and local 4f parts of the heavy-fermion quasiparticles. Similar observations are made with
UBe13 forwhich, however, nomagnetic phase transition could so far be established. New anomalies are discovered in
superconducting U1¹xThxBe13 with 0 # x , xcr ¼ 0.019.                                          

                                       

1. INTRODUCTION

The tetragonal compound CeCu2Si2 was the first of a—
by now—long list of ‘novel’ (i.e. non-BCS) supercon-
ductors [1]. It belongs to the ‘heavy-fermion’ (HF)
metals, in which quasiparticles composed of both local
f degrees of freedom and itinerant conduction–electron
degrees of freedom form well below the characteristic
‘Kondo temperature’, TK (<15 K). The f degrees of
freedom determine the huge effective quasiparticle
mass, m* (<300 m el), as inferred from a giant Sommer-
feld coefficient g < 0.7 J K¹2 mol¹1 [1]. Both the
discontinuity in the specific heat, DC [1], and the slope
of the upper-critical-field curve, B9C2 ¼ ¹(dBC2/dT) [2], at
TC < 0.65 K were found to scale with the large g value
and ascribed to massive Cooper pairs. Very similar
observations were subsequently made [3] for the cubic
HFmetal UBe13 (TC < 0.9 K). Compared with their later-
discovered counterparts, UPt3 [4], URu2Si2 (W. Schla-
bitz, J. Baumann, B. Pollit, U. Rauchschwalbe, H. M.
Mayer, U. Alheim and C. D. Bredl, unpublished data,
1984 [5]), UNi2Al3 [6] and UPd2Al3 [7], CeCu2Si2 and
UBe13 are phenomenologically more complex and less
understood. On the one hand, in the first four compounds,
HF superconductivity forms at TC (0.5–2 K) out of a
heavy Landau Fermi-liquid (FL) state, which coexists
with antiferromagnetic (afm) order at T , TN. Below TC

(pTN), HF superconductivity and afm order coexist on a
microscopic scale. On the other hand, for CeCu2Si2 an as

yet unidentified (presumably SDW) ‘phase A’ is almost
degenerate with HF superconductivity, whereas for
UBe13 no clear-cut evidence for any kind of magnetic
order exists so far. Further on, the low-temperature
normal (n) states of these two ‘heaviest’ superconductors
are characterized by strong violations of Landau FL
behavior. It is the main purpose of this paper to explore
the ‘non-Fermi-liquid’ (NFL) properties of n-state
CeCu2Si2 and UBe13. In addition, we report the discovery
of new anomalies in the superconducting (sc) state of
pure UBe13 and its thoriated variant, for which a very
complex sc phase diagram has been established [8, 9].

2. CeCu2Si2: BREAKDOWN OF THE
HEAVY-FERMION PICTURE IN THE VICINITY OF

THE A-PHASE TRANSITION

A thorough investigation of CeCu2Si2 single crystals
revealed the existence of distinctly different groundstate
properties, depending on the composition of the starting
melt and/or the subsequent heat treatment [10, 11].
However, any differences in the lattice parameters of
these different variants are much too small to be resolved
by X-ray diffractometry. A subsequent systematic study
of polycrystalline samples enabled Geibel et al. [12] to
map the different physical groundstate behaviors (‘S’,
‘AS’, ‘A’ and ‘X’) to different sectors within the narrow
homogeneity range of CeCu2Si2 in the chemical Ce-Cu-
Si phase diagram. Phase A can be stabilized by partial
Ge-substitution for Si [13]: ‘A-type’ CeCu2(Si1¹xGe x)2
samples, with 0 # x # 0.15, exhibit an A-phase
transition at TA (between 0.75 K and 1.5 K), followed
by an sc transition at TC (between 0.45 K and 0.15 K). A
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thermodynamically weak HF-sc state and phase A
coexist on a microscopic scale in these ‘A-type’ samples
[13]. In ‘AS-type’ CeCu2Si2 samples, showing a near
stoichiometric composition and TA * TC, HF super-
conductivity expels phase A below TC [11]. Bulk
measurements on ‘S-type’ polycrystals, prepared by
using a slight Cu or Ce excess, reveal A-phase signatures
only at magnetic fields sufficient to suppress super-
conductivity, while B ¼ 0 mSR indicates the presence
of a ‘magnetic minority domain’ whose volume fraction
continuously shrinks upon cooling to well below TC [14].
‘S-type’ single crystals do not show any A-phase
signatures. For all CeCu2Si2 samples of ‘A-’, ‘AS-’ and
‘S-type’ studied so far, an additional ‘phase B’ [11],
phenomenologically related to phase A, was observed to
form at fields B . 6 T§.
In the following, we shall focus on samples from the ‘S

sector’ where the signatures for phase A are lost and NFL
effects are expected [15, 16] to show up in n-state
properties. To this purpose, we will discuss (i) a
pressure-induced A–S transition (Fig. 1) as well as
resistivity results on (ii) an ‘S-type’ polycrystal (Fig. 2),
(iii) an ‘S-type’ single crystal (Fig. 3), and (iv) specific-
heat results on the latter (Fig. 4).
The A-phase transition manifests itself in the p ¼ 0

data of Fig. 1(a,b), taken in an overcritical field B ¼ 2 T,
through broadened anomalies in the T-dependences of
r(T) and g(T) ¼ DC(T)/T, where DC denotes the differ-
ence in the specific heats of CeCu2Si2 and LaCu2Si2.
Application of hydrostatic pressure p . p cr < 0.1 GPa
suffices to replace, at B ¼ 0, phase A by a (thermo-
dynamically strong) HF-sc state below TC ¼ 0.65 K. In
Fig. 1, we show n-state data for p . pcr taken at B ¼ 2 T
and for T $ 0.4 K. Both r(T) and g(T) are found to fulfill
the asymptotic behavior theoretically predicted for a

three-dimensional ‘nearly afm FL’: r ¼ r0 þ bT3/2 [15,
16] and g ¼ g0 ¹ aT1/2 [16]. An extension of these
experiments to lower temperatures utilizing pressure
cells is in preparation in order to determine the true
asymptotic properties. However, from the existing
results (at p . pcr, T $ 0.4 K, B ¼ 2 T) we may conclude
that TA → 0 indeed defines a quantum critical point
(QCP) of afm nature [15, 16].
We now return to the ambient-pressure results in

Fig. 1(a,b), which display a strikingly dual behavior
for T . TA: While r ¼ r0 þ aT2, with a giant coefficient
a < 10 mQ cm¹1 K¹2, seems to indicate that the A-phase
transition occurs out of a heavy Landau FL state, the
strongly T-dependent, g(T), is not compatible with such
an interpretation. Quite generally, we have observed that
in CeCu2Si2, Dr ¼ r ¹ r0 ¼ aT2 is always preceding an
A- or B-phase transition. This is shown for the S-type
polycrystal in the whole field range 0 # B # 15 T
[Fig. 2(a)] as well as for the S-type single crystal at
fields B . 6 T (Fig. 3). As indicated in Fig. 3(b), the
limiting temperature TL for this T2 dependence is tracking
the magnetic-field dependence of the corresponding
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Fig. 1. (a) Resistivity, normalized to its value at T ¼ 300 K, as r/
r300 K versus T2 (upper scale) and r/r300 K versus T3/2 (lower
scale); (b) as well as Ce increment to the specific heat as DC/T
versus T, for B ¼ 2 T and at p ¼ 0, as well as ‘overcritical’
pressures for an ‘A-type’ CeCu2Si2 polycrystal. Solid line in (b)
displays a fit of the SCR theory [16], implying y 0 ¼ 0, y 1 ¼ 4 and

T0 ¼ 13 K, to the data.

Fig. 2. (a) r/r300 K versus T2 at B ¼ 0 and differing magnetic
fields for an ‘S-type’ CeCu2Si2 polycrystal; (b) resistively
determined B–T phase diagram for the same sample indicating
non-overlapping existence ranges of superconductivity, phase A
and phase B. Dashed line indicates fictitious TA(B) dependence

at low fields, if superconductivity were absent.

§For ‘X-type’ CeCu2Si2, static afm order with small moment
(mS < 0.01mB) was recently established via Cu-NQR (Y.
Kitaoka, private communication, 1997).

Fig. 3. (a) Resistivity as Dr/T2 versus T(Dr ¼ r ¹ r0) at B ¼ 4 T
and 8 T for an ‘S-type’ CeCu2Si2 single crystal. Solid line
indicates T3/2 dependence of Dr(T); (b) resistively determined
B–T phase diagram for the same crystal, indicating existence
ranges of superconductivity and phase B. Dashed lines mark
limiting temperatures for T3/2 and T2 dependences of Dr(T),

respectively.



phase-transition temperature. We have recently observed
that this also holds true for the dependences of TL and TA

on (subcritical) pressure [17]. From these findings, one
might be inclined to ascribe the Dr ¼ aT2 dependence
to some critical fluctuations precursive to the A/B transi-
tion. However, a linear T dependence of Dr(T) is
expected, preceding an itinerant afm phase transition
[18].
Note that in the case of the ‘S-type’ polycrystal, where

phase A exists at overcritical fields and is expelled to a
large extent [14] by HF superconductivity at low fields,
the n-state resistivity follows a T2 dependence (Fig. 2(a)).
In the case of the ‘S-type’ single crystal, however, which
does not exhibit any A-phase signatures, the low-T
resistivity at B , 6 T is well described by Dr ¼ bT3/2

(Fig. 3). At elevated temperatures (T . 0.6 K), this goes
along with g ¼ g0 ¹ aT1/2 (cf. B ¼ 4 T data in Fig. 4). As
with the polycrystal data of Fig. 1, taken at overcritical
pressures, we infer from these ambient-pressure results
on the single crystal, the existence of an afm QCP,
associated with the vanishing of the A-phase transition
temperature.
Below, we wish to compare the resistivity and specific-

heat results taken on this same single crystal at lower
temperatures and/or at higher B fields. These results
clearly show that upon approaching the QCP, Dr(T)
(probing the itinerant part of the heavy fermions) and
g(T) (determined by the local 4f degrees of freedom)
behave, qualitatively, very differently from each other.
We first notice that the gross change from Dr,T3/2 to
Dr,T2 when B is raised to B . 6 T (Fig. 3), has no
correspondence in the g(T) results (Fig. 4). Next, we
compare the B ¼ 4 T data for Dr(T) with those for g(T).
As shown in Fig. 3(a),Dr(T)/T2whichmeasures the cross
section for quasiparticle–quasiparticle scattering keeps
rising proportional to T¹1/2 down to the lowest tempera-
tures. However, Dg ¼ g ¹ g0 does not follow the
corresponding (¹T1/2) dependence (straight line in
Fig. 4).

The T¹1/2 divergence of the quasiparticle–quasi-
particle cross section indicates singular scattering
mediated by extremely soft (and spatially extended)
afm fluctuations at the QCP [15, 16]. However, since
the latter are restricted to wave vectors in the vicinity of
the afm ordering wave vector,Q afm, quasiparticle states at
certain lines on the Fermi surface only ought to undergo
this singular scattering. Following [19], the ordinary
quasiparticle–quasiparticle scattering events of all other
states on the Fermi surface result in the usual law Dr ¼

aT2, which must short-circuit the anomalous Dr ¼ bT3/2

term at sufficiently low temperatures. We cannot resolve
such a crossover in our data taken at B , 6 T down to T ¼

20 mK. Interestingly enough, below T ¼ 0.6 K the T-
dependence of g(T) flattens somewhat (Fig. 4), as if a
Landau FL state were approached as T → 0. A detailed
analysis is, however, prevented by a steep upturn in g(T)
below T ¼ 0.25 K. The latter cannot be attributed to the
Zeeman splitting of the nuclear Cu/Si spin states by the
external B-field, cf. the other (solid and dashed) lines in
Fig. 4.
In summary, when approaching the A-phase transition,

both at TA . 0 and TA → 0, we are unable to describe our
resistivity and specific-heat results in any consistent way.
This strongly suggests a breakdown of the concept of
heavy quasiparticles. Rather, near the A-phase transition,
their itinerant conduction-electron and local 4f compo-
nents appear decoupled from each other.

3. UBE13: NON-FERMI-LIQUID NORMAL STATE AND
NEW ANOMALIES BELOW T c

Two variants of UBe13 with markedly different sc and n-
state properties have recently been identified [20]: ‘H-
type’ (TC < 0.9 K) and ‘L-type’ (TC < 0.75 K) UBe13.
Since the former variant is mostly found among poly-
crystals while all ‘L-type’ samples are single crystals, we
believe that their phenomenological differences must be
related to differences in the actual composition originat-
ing in different preparation procedures [20].
In the following, we discuss some low-T properties of a

high-quality UBe13 single crystal of ‘H type’. At T < 2 K,
the electrical resistivity assumes its maximum value,
indicating an inelastic mean free path as short as a few
lattice spacings. Usually some, as yet unidentified, afm
spin fluctuations are blamed for the high n-state resistiv-
ity. As indicated in Fig. 5, these ‘2 Kfluctuations’ seem to
be efficiently suppressed already by moderate magnetic
fields: in a wide field range, 4 T# B # 10 T, we find r(T),
normalized to the respective value at T ¼ 1 K, to behave
in a universal way, i.e. r , T around T ¼ 1 K and r ¼ r0

þ bT3/2 below T < 0.8 K [Fig. 5(b) and Fig. 6(a)]. This
NFL behavior is in accord with the prediction for the
three-dimensional ‘nearly afm FL’ [16]. For the highest
B-fields of 14 T and 15.5 T and below T < 0.3 K, a
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Fig. 4. g ¼ C/T versus T1/2 at B ¼ 4 T and 12 T for the same
crystal as in Fig. 3. Straight solid line indicates (¹T1/2) depen-
dence of g(T) ¹ g0. The other lines indicate C(T)/T data after
subtraction of nuclear hyperfine contributions due to the applied

B fields.



deviation from the T3/2 law is noticed. As demonstrated in
the inset of Fig. 6(b), these low-T data can be well fit by
Dr ¼ aT2. The gigantic coefficient a is found to decrease
with increasing field, i.e. from 52 mQ cm K¹2 at B ¼ 14 T
to 45 mQ cm K¹2 at B ¼ 15.5 T. At present, it is not clear
whether this asymptotic T2 term also exists at low field,
where it is masked by the sc transition, or whether it is
induced by the high magnetic field.We recall that already
at low field, a crossover from T3/2 to T2 at a sufficiently
low temperature must necessarily occur [19] for a ‘nearly
afm FL’. However, this is unlikely to be realized in
UBe13: The isothermal n-state magnetoresistance,
Dr(B), is found to be negative below T ¼ 2 K in the
whole field range, B , 14 T. A negative sign of Dr(B) is
typical for a NFL [21], while a positive one is a hallmark
of the Landau FL. In fact, for B $ 14 T Dr(B) becomes
positive at the same low temperatures where Dr(T)
follows the T2 law, cf. inset of Fig. 6(b).
The specific-heat coefficient g(T) ¼ C*(T)/T is shown

for the same UBe13 single crystal in Fig. 7. Here, C*(T)¼
C(T) ¹ CN(T) where CN(T) is the nuclear hyperfine
contribution, calculated for the externally applied field.
At B ¼ 12 T, g(T) increases approximately logarithmi-
cally upon cooling to T < 0.3 K. Very similar to our
observations with the S-type CeCu2Si2 single crystal
(Fig. 4), g(T) of n-state UBe13 tends to flatten at

intermediate temperatures, before it starts to steeply
increase at the low-T end. To summarize, our findings
for n-state UBe13 resemble the ones made for CeCu2Si2
near its QCP, though there is no clear-cut evidence for
afm order in the former compound. A more careful
analysis of the NFL n-state of UBe13 is, however,
hampered by the large value of its upper critical field.
In the remainder of this section, wewish to focus on the

HF-sc state of UBe13. Fig. 8 displays some of the
phenomenological differences between ‘H-type’ and
‘L-type’ UBe13 samples. For example, the positive anom-
aly in the T dependence of the n-state thermal expansion,
a(T), is shifted from T < 2 K (‘H type’), to T < 1.2 K (‘L
type’), cf. Fig. 8(a). This anomaly was ascribed [22] to
local Kondo-type spin fluctuations. Further on, BC2(T)
being extremely steep near TC shows an increase in slope
near TC/2 for ‘H-type’ UBe13, which is absent for the ‘L-
type’ sample [Fig. 8(b)]. Also shown in Fig. 8(b) is a new
‘line of anomalies’, B*(T), established for ‘H-type’
UBe13, both in isothermal field scans of the specific
heat [22] and in a(T) measured at zero field [Fig. 8(a)]
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Fig. 5. (a) r versus T for an ‘H-type’ UBe13 single crystal atB ¼ 0
and differing magnetic fields; (b) same data as in (a), normalized
to the respective r value at T ¼ 1 K. Dashed line is an

extrapolation to T ¼ 0 of the data for T $ 0.8 K.

Fig. 6. Double-log plot of Dr ¼ r ¹ r0 versus T for the same
crystal as in Fig. 5 at (a) B ¼ 8 T and (b) B ¼ 15.5 T. Inset shows

low-T data of (b) as r versus T2.

Fig. 7. g ¼ C*/T versus T (on a logarithmic scale) at B ¼ 0 and
12 T for the same crystal as in Fig. 5. C* ¼ C ¹ CN, CN: nuclear

hyperfine contribution due to the external B field.

Fig. 8. (a) Coefficient of the linear thermal expansion measured
along [100], a versus T, for the same ‘H-type’ UBe13 single
crystal as in Fig. 5 and for an ‘L-type’ single crystal. Arrows
mark for the ‘H-type’ crystal superconducting transition tem-
perature, TC and temperature of the broadened lower transition,
TL, see text; (b) upper critical field curves, BC2(T), for the same
crystals as in (a) (open symbols) and new ‘line of anomalies’,
B*(T), starting at T ¼ TL(B ¼ 0), for the ‘H-type’ crystal (full
symbols) as determined by a(T, B ¼ const.) (S,W, l) and C(B,

T ¼ const.) (A, B), respectively.



or at constant, finite fields. Note that the negative and
distinctly asymmetric thermal-expansion anomaly which
occurs below TC is almost completely suppressed by a
fieldB ¼ 4 Twhich is, however, not sufficient to suppress
the large sc jump anomaly [22].
As is seen in Fig. 9(a), thisa(T) minimum sharpens and

shifts toward lower temperatures upon doping with Th. In
the inset we show for the x ¼ 0.01 sample how, with the
help of the specific-heat results, the sc jump anomaly can
be separated from the a(T) data, leaving behind the broad
a(T) minimum. The (steeper) high-temperature part of
this broad anomaly is then replaced in an ‘equal-areas
construction’ by an idealized sharp jump. This defines the
‘position of the anomaly’, i.e. TL at B ¼ 0. Comparison of
the data for x ¼ 0.017 [Fig. 9(a)] with those for x . 0.019
[Fig. 9(b)] strongly suggests that the lower phase-transi-
tion anomaly for U1¹xTh xBe13 samples with ‘critical’ Th
concentrations [8, 9] evolves out of the negative a(T)

anomaly, as established in the subcritical concentration
range. In addition, at x cr ¼ 0.019 the ‘line of anomalies’
denoted by TL(x) in the T–x phase diagram of Fig. 10
seems to merge smoothly into the TC2(x) line, indicating
the lower of the two second-order phase transitions [8, 9].
No doubt, our observations pose serious constraints to
any theoretical model attempting to explain HF super-
conductivity in pure UBe13 and its thoriated derivative
(see e.g. [24]).
Finally, we wish to comment on the line denoted

Tmax(x) which hits the upper phase transition line,
TC1(x), almost at its maximum value. Tmax(x) indicates
the position of a Kondo-type a(T) anomaly in the n-state,
cf. Fig. 8(a). In [22] an effective two-band model for
U1¹xThxBe13 was proposed. In this model, HF super-
conductivity is carried by ‘less localized 5f states’ (with
TK1 ¼ 10–30 K). The latter are scattered by the Kondo
fluctuations of the ‘more localized 5f states’ (TK2 < Tmax):
Once Tmax(x) becomes smaller than TC1(x), an additional
pair-breaking channel opens and destabilizes super-
conductivity [22].

4. CONCLUSIONS

HF superconductivity in CeCu2Si2 as well as in UBe13

forms out of a NFL normal state. For CeCu2Si2,
anomalous T-dependences at intermediate temperatures
(T . 0.6 K) and sufficiently low magnetic fields (B ,

6 T) are strongly suggesting an afm QCP on the brink of
phase A (TA → 0).When approaching this QCP by further
cooling, however, Dr(T) and g(T) behave quite dis-
parately. This highlights a decoupling of the itinerant
and local (4f) parts of the heavy-fermion quasiparticles.
But even when TA is finite, Dr(T) and g(T) behave
strikingly differently upon approaching the A-phase
transition. Above the QCP, Dr(T) is proportional to T3/2

down to mK temperatures. The absence of a low-T
crossover to Dr < T2 is hard to understand on the basis
of a ‘nearly afm FL’ [19].
For UBe13, the incoherent normal state is caused only

to a smaller part by the so-called ‘2 K fluctuations’.When
these are suppressed by a moderate magnetic field, a
universal T-dependence of the n-state resistivity is recov-
ered in a wide range of magnetic fields. Dr(T) indicates
NFL properties compatible with an afm QCP, too, but so
far no convincing evidence for afm order has been found
in this compound. Though a detailed analysis of the n-
state properties is impeded by the unusually high BC2

values, similar inconsistencies concerning the ‘nearly
afm FL scenario’, as stated above for CeCu2Si2, seem
to exist for UBe13 as well. New anomalies in the sc state
of both UBe13 and U1¹xTh xBe13 with subcritical Th
concentrations are identified as precursors of the lower
phase transition, previously established [8, 9] in the
critical concentration range 0.019 , x , 0.045.
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Fig. 9. (a) Coefficient of the linear thermal expansion as a versus
T for the same ‘H-type’ UBe13 single crystal as in Fig. 5 and for
polycrystalline U1-xTh xBe 13 samples with x ¼ 0.01 and 0.017
(,x cr); (b) as well as x ¼ 0.022 and 0.03 (.x cr). Inset showsC(T)
and a(T) for x ¼ 0.01 sample. Vertical lines indicate the width of
superconducting transition in C(T), used to separate the corre-

sponding anomaly from the a(T) data.

Fig. 10. T–x phase diagram of U1¹xTh xBe13 including results
from the literature (— · —[9]; ·· - ··[23]) and the present
study: open symbols indicate second-order phase transitions,
while closed symbols mark anomalies at TL(x) (X) and Tmax(x)

(O), as described in the text.



Acknowledgements—We are grateful to W. Assmus for supply-
ing the CeCu2Si2 single crystal. We acknowledge a fruitful
correspondence with P. Coleman. Work in Darmstadt was
supported by the SFB 252, work in Gainesville by the US
Department of Energy, Contract no. De-FG05-86ER45258.

REFERENCES

1. Steglich, F., Aarts, J., Bredl, C. D., Lieke, W., Meschede,
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