Vol. 34 (2003) ACTA PHYSICA POLONICA B No 2

UBej3: PROTOTYPE OF A NON-FERMI-LIQUID
SUPERCONDUCTOR*

N. OESCHLER, F. KROMER, T. TavaMa®, K. TENYA}, P. GEGENWART
G. SPARN, F. STEGLICH

Max Planck Institute for Chemical Physics of Solids
No6thnitzer Str. 40, 01187 Dresden, Germany

M. LANG

Institute of Physics, University of Frankfurt/Main
60054 Frankfurt/Main, Germany

AND G.R. STEWART
Department of Physics, University of Florida, Gainesville, FL. 32611, USA

(Received July 10, 2002)

We review pronounced non-Fermi-liquid (NFL) effects in the low-tem-
perature normal state of the heavy-fermion superconductor UBe;3 (T, =
0.9K). We argue that these NFL effects may presumably be related to
short-range antiferromagnetic (AF) correlations which are manifested in
the superconducting (SC) state by a “line of thermodynamic anomalies”,
B*(T), between T ~ 0.7K (B =0) and B 4T (T — 0). These anomalies
are shown to mark the precursor of the lower of the two phase transitions
(at Tcl and Tcg) in Ul_zTthelg, Tel R 0019 < z < Teo R 0.0455. For
ZTea < x < x. < 0.07, a single SC transition is stated which due to thermal
expansion, a(T'), and specific heat, C'(T'), measurements, coincides with
this lower transition at To. We discuss two possible scenarios both of which
imply an intimate interrelation of superconductivity with the symmetry-
broken state that forms below T.s. Finally, we address two other lines of
thermal expansion anomalies in the T—z phase diagram of U;_,Th,Bej;
which show an only weak dependence on magnetic field: (i) A positive
a(T) peak, along with a C(T') peak, is found in pure UBe;3 at Thax & 2 K.
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Upon Th doping, Tmax(z) is depressed linearly and vanishes close to the
upper critical Th concentration z., at which the two phase transitions
merge to one. (ii) A negative anomaly in a(T') develops for x > o at
Tinin- Tmin(z) increases by more than a factor of two when raising the Th
content to x = 0.1. Similar to previous results by Aliev et al. [F.G. Aliev
et al., J. Phys.: Condens. Matter 8, 9807 (1995)], an almost temperature-
independent non-linear susceptibility, X(S) (T), is found for Ug.9Thg 1Bess,
at striking variance to x®)(T') for pure UBe;3. The implications of this
observation for the assignment of the valence state of Uranium at z = 0
and x = 0.1 are also addressed.

PACS numbers: 74.25.Bt, 74.70.Tx

1. Introduction

Strongly correlated electron systems in a metallic environment remain
one of the outstanding problems in condensed-matter physics. Certain
lanthanide- and actinide-based intermetallics, the so-called heavy-fermion
metals, are particularly well suited to study strongly correlated electron sys-
tems. While at high temperatures these materials contain a dense lattice
of local 4f/5f moments only weakly coupled to the Fermi sea of itinerant
(s,p,d) conduction electrons, well below some characteristic temperature
T* (=~ 10-100K), the local moments become progressively reduced, and si-
multaneously new quasiparticles are formed. These “heavy fermions” (HF)
resemble the conduction electrons of a simple metal but acquire a huge ef-
fective mass m™*, up to a thousand times greater than the free-electron mass
as estimated from the large electronic specific heat at low 7. HF might be
called “composite fermions” consisting of a dominating local f (the “heavy”)
component with some admixture of delocalized conduction-electron (“light”)
contributions.

Residual interactions between HF frequently appear to result in broken-
symmetry states at low T'. For example, a heavy Landau—Fermi-liquid (LFL)
state is found to coexist with small-moment antiferromagnetic (AF) order
below Tx (=~ 10K) [1]. At even lower temperatures (T' < 1K), the LFL state
in these systems becomes unstable against a superconducting (SC) transition
and HF superconductivity coexists with AF order below T, (< 1K) [1].

An increasing number of HF metals, however, do not achieve a LFL
state but rather exhibit strong non-Fermi-liquid (NFL) properties at low
temperatures [2]. In most cases NFL behaviour can be related to the vicin-
ity of an AF quantum-critical point (QCP). Examples are CeCusSis and
CeColng, the first [3] and one of the most recently [4] discovered HF super-
conductors. For such systems, the possibility of a spin-fluctuation-mediated
pairing mechanism is currently the subject of controversial discussion.
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The cubic compound UBej3 is a particularly fascinating example of a
“NFL superconductor” [5]. Its HF-SC state forms below T, ~ 0.9K out of a
normal state that is dominated by strong incoherent scattering characterised
by an extremely large and strongly T-dependent electrical resistivity and a
rather low magnetic susceptibility [5]. This has led to the proposal [6] that (i)
the valence state of Uranium is 4+ (5f2) with a low-lying non-magnetic I'
crystal field (CF)-derived doublet state, and (%) a two-channel quadrupolar
Kondo effect is responsible for UBe;3 behaving as an “incoherent metal”. On
the other hand, CF effects studied via specific heat [7] and Raman-scattering
[8] experiments as well as measurements of the non-linear susceptibility [9]
seem to support a trivalent (5f3) configuration. Special interest in UBei3
arose because of the complex T—-z phase diagram of U;_,Th,Be;s, with the
occurrence of a double-phase transition for low Th concentration [10]. This
will be explored in Sect. 3. following a brief discussion of the exotic normal
(N)-state and SC properties of un-doped UBej3 (Sect. 2). The paper is
concluded in Sect. 4.

2. Low-T properties of UBe;3

Two variants of UBey3 with markedly different SC and N-state properties
have been recently identified [11]: While “H-type” UBe;3 exhibits T, values
between 0.85K and 0.9K, “L-type” UBejs is characterised by T, =~ 0.75 K.
Most polycrystalline samples reported are of type H, while all L-type samples
are single crystals. In the following we discuss the low-T" properties of high-
quality UBej3 single crystals of the “H-type” variant.

As shown in Fig. 1(a), the specific heat of UBe;3 shows an anomalous
enhancement in the SC state that develops below about 0.7 K. Assuming an
axial symmetry of the SC order parameter [12], we can fit the specific heat
data for 0.7K < T < T (dotted line in Fig. 1(a) [13]) and by extrapolating
this to low T' can obtain an estimate for the additional contribution (inset of
Fig. 1). The latter would be even larger at low temperatures if one would as-
sume an isotropic SC order parameter for which the low-T" specific heat varies
exponentially instead of showing a cubic T' dependence. Our measurements
of the linear thermal expansion coefficient «(7) shown in Fig. 2 provide
more direct evidence for an additional anomaly below T.. By projecting
the width of the SC transition from the C(T) onto the a(T) data (vertical
dotted lines in Fig. 2) we find that upon cooling, the SC transition manifests
itself in the steep decrease in «(T) at T, ~ 0.9 K, thus leaving the broadened
minimum as an independent anomaly [14]. This assignment is corroborated
by a thermodynamic analysis of the SC transition. Employing the construc-
tion as indicated in Fig. 2 to extract the «a(T') discontinuity at T,, Ao,
we are able to calculate the initial hydrostatic-pressure dependence of T,
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Fig. 1. Specific heat AC' = C' — Chyclear of a UBey3 single crystal as AC/T vs T on a
linear scale (B = 0) (a) and on a logarithmic scale for the same sample at B = 0 and
12T (b). Dotted line in (a) indicates the quasiparticle contribution Cy, assuming
an axial SC order parameter [13]. Inset shows the extra contribution observed in
the quasiparticle specific heat, 6C = AC — Cy,, as 6C/T vs T. Solid and dotted
lines in (b) represent AC/T ~ log (Tp/T) and AC/T = o — S/T, respectively.

Q 3 T T T T I T T T T I T T T T 6
s [ UBeiz  ~2f 7 ' '
2 0 _Cfor 2T éﬁ
E | £ 31 i
B
8 - a 4T
2+ 2* 0 44
A & ~—~
Tt 2a \’. V . N
F A 0 1 0 1 0 1 T(K) z.o¥
- a &
N AAAAA b
r A § AAAAAAAAAAAAAA )
1t 2% - |,
3 g Trax
I °| pa*® 1
0 §
L %03 0
[ 1 1 1 | 1 1 1 1 | 1 1 1 1
0 1

T (K)

Fig.2. Low-T specific heat and thermal expansion of a UBe;3 single crystal. Width
of SC transition is indicated by the vertical dotted lines. Vertical arrows indicate
the position of the “2 K maximum” (see text). Inset shows « vs T at varying fields.
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by means of the Ehrenfest relation, (97¢/ 8p)p 0 = Vol Tc (3 Aa*° /AC™),

where Vo1 = 81.3 cm?/mol is the molar volume. The so-derived pressure
coefficient of (01c/dp), ,o = —(13 & 4) mK /kbar is in excellent agreement
with the results of pressure studies, —(13 & 4) mK/kbar [15]. An investi-
gation of the field dependence of a(T') reveals that the minimum in «(7)
is almost completely suppressed by a field of 4 T which has, however, little
effect on the SC transition (inset of Fig. 2).

As in the «(T') data, cf. inset of Fig. 2, the anomaly in specific heat mea-
surements performed as a function of temperature at B = 2T can be seen
more clearly [13]. In Fig. 3, we display C(B,T = const.)/T data taken at
various temperatures and indicate that, like the SC—N transition at Beo, the
observed features may be replaced by idealised jumps. From these isother-
mal field scans of the specific heat as well as from the «(7T') measurements
at constant fields shown in the inset of Fig. 2, a line of anomalies B*(T') has
been established in the B-T phase diagram of UBe;3 (Fig. 3(b)).
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Fig.3. (a) Low-temperature specific heat as C/T vs B at varying temperatures
of single-crystalline UBey3. (b) Corresponding B-T phase diagram including the
upper critical field, Bqo(T), as determined by specific heat (open squares) and
thermal expansion (open triangles) as well as positions of anomalies observed as a
function of either temperature in a(7T, B = const.) (solid triangles) or magnetic
field in C(T = const., B)/T (solid squares), giving rise to a line of anomalies,
B*(T).
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In the following we concentrate on the N-state properties of UBej3. In
addition to the characteristic scale T* whose estimates range from 8 K [7] to
30K [16], accounting for the extremely large effective carrier masses, there
exists at least one more low-energy scale in UBey3. The latter manifests
itself in a distinct maximum in the thermal expansion coefficient and a less
pronounced shoulder in the specific heat around 2K, see Fig. 2. Our mea-
surements of the thermal expansion coefficient «, discussed below, show that
these “2 K fluctuations” are reminiscent of local spin fluctuations in disor-
dered Kondo systems. The “2K fluctuations” manifest themselves also in a
pronounced maximum in the resistivity around 2 K [16].

From the maximum value of p(7'), an inelastic mean free path as short
as a few lattice spacings can be inferred. As demonstrated in Fig. 4(a), al-
ready moderate fields are apt to suppress this fluctuation contribution very
efficiently. In a wide field range, 4T < B < 10T, we are able to scale the
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Fig.4. (a) p vs T for a UBe;3 single crystal at B = 0 and differing fields; (b) the
same data as in (a), normalised to the respective p(T') value at T = 1K. Dashed
line is an extrapolation to T' = 0 of the data for 7' > 0.8 K.

various p(T') curves within T.(B) < T < 1.2K to a universal curve, by nor-
malising p(T') by its respective value at 1 K (Fig. 4(b)). Above T ~ 0.8K, a
linear p(T') dependence is found that can be extrapolated to p = 0 for T' — 0.
At lower temperatures the data follow a p(T') = pg + bT?/? dependence [17].
Apparently, this T' dependence is in full accord with the theoretical predic-
tion for a three-dimensional system of itinerant AF spin fluctuations in the
vicinity of a QCP [18]. As shown in Fig. 1(b), the specific heat coefficient
follows C/T ~ —log T for T > 0.3 K and gradually deviates to smaller val-
ues at lower T' before a upturn sets in at lowest 7. In the limited T range
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0.15K < T < 0.4K, the specific heat coefficient can be satisfactorily de-
scribed by the dependence AC/T =~y — /T that would correspond to
the T3/2 behaviour observed in Ap(T) = p(T) — po [18]. A more detailed
analysis of the AC(T)/T results is prevented by the up-turn below 0.2K
whose origin is not yet resolved, as the nuclear contribution due to the
Zeeman splitting of the °Be spin states has already been subtracted from
the raw data. For fields larger than 14T, the low-T resistivity turns to
a Ap ~ T? behaviour below 0.3 K, indicative of a magnetic field-induced
Landau—Fermi-liquid state with a gigantic coefficient A. The latter is de-
creasing with increasing B from 52 yQcm at 14T to 45 udem at 15.5T [17].
To summarize, the NFL properties found for UBe;3 are consistent with
the nearness of an AF QCP at magnetic fields of about 4 T. Remarkably,
this field coincides with the line of anomalies, B*(T'), for T' — 0 which has
been established in the B-T phase diagram of Fig. 3(b). Thus, one would
speculate that the pronounced NFL effects observed in the N-state properties
are related to the QCP (71, — 0 at about 4T). A more detailed analysis of
the low-T' N-state properties of UBej3 is, however, hampered by the large
value of the upper critical field necessary to suppress superconductivity.

3. T—x phase diagram of U;_,Th;Bejs

By substituting a small amount of Th for U in UBe;3 one observes un-
usual phenomena, such as a non-monotonic evolution of T, and the occur-
rence of a second phase transition in a critical concentration range z.; =
0.019 < z < zco = 0.0455. The most recent version of the phase diagram
of U;_,Th,Bejs [19] is shown in Fig. 5. Superconductivity occurs in pure
UBey3 at T, ~ 0.9K, followed by the second anomaly at 71, < T as dis-
cussed in the previous section. For ¢ < z.1 doping with Th leads to a linear
decrease of T, upon increasing x. Between z.1 and z.2 two phase transitions
show up. The first one at T,y marks the appearance of superconductivity,
while the nature of the second is not yet resolved. The existence of very
small magnetic moments of s = 1073 up /U below T¢s has been deduced by
looking at muon-spin-relaxation (uSR) studies [21]. Ultrasound-attenuation
measurements reveal indications for an AF, i.e. a spin-density-wave, transi-
tion which coexists with superconductivity [22]. On the other hand, a SC
nature of the transition below T.9 has been claimed on the basis of lower-
critical-field results [23].

Theoretical models have been proposed based on the assumption of SC
states with different anisotropies for the different regions of the phase di-
agram [24]. The onset of small magnetic moments below T is explained
either by assuming an AF transition coexisting with superconductivity [24]
or by broken time-reversal symmetry [25]. In these models it is assumed that
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Fig.5. T—x phase diagram of U;_,Th,Be;3. Filled symbols ascribe phase transi-
tions, open symbols indicate anomalies. The solid vertical line at x = x.; reflects a
phase boundary established via specific heat experiments under pressure by Zieve
et al. [20].

Teo(x) is the continuation of Tc(z), © < z.1, and that this line is crossing, at
2 = 1, another phase boundary which is identical with Ty (z) for z > 1.
In fact, a z-independent low-T phase boundary has been established through
specific heat experiments under pressure between 0.3 K and 0.38 K and has
been assigned to the second of these two crossing phase boundaries [20].

By further doping with Th, T.; and Ty merge at the second critical
concentration zcs, such that for x > x.s only one transition is observed.
The position of the “2 K maximum” anomaly, T ax, observed in the N-state
of UBej3 decreases linearly with increasing = and crosses the T¢q(x) curve
at z ~ 0.03. Suppressing superconductivity by overcritical fields allows one
to determine the linear dependence of Tiax(x) to higher Th concentrations.

The N-state in the region with x > z.9 is dominated by a low-T" minimum
structure in the thermal expansion coefficient. In the following, we present a
detailed discussion of the evolution of the distinct anomalies with increasing
Th content z.

3.1. The anomalies in the superconducting state at Ty, (x < xc1)
As described above, the anomaly at T3, is established by comparing ther-

mal expansion with specific heat data. In Fig. 6 we plot the a(T") and C(T')
data sets for a UBejs single crystal and for several doped U;_,Th,Bes
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polycrystals with 0.017 < z < 0.03 using a common temperature scale.
The same procedure to extract the “I1, anomaly” as described in the previ-
ous section is applied to the results of the doped sample Uy gg3Thg.g17Bers.
Upon increasing = towards z.i, this low-T" feature becomes progressively
more pronounced and shifts to lower temperatures.
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Fig.6. Low-temperature specific heat (open symbols, right scale) and thermal ex-
pansion (closed symbols, left scale) on single-crystalline UBe;3 and polycrystalline
U;_,Th;Be;s with £ = 0.017,0.022 and 0.03. The specific heat data for z = 0.017
and 0.022 are taken from Refs. [26] and [27], respectively, the thermal expansion
and specific heat data of x = 0.03 from Ref. [14].

We have also measured the temperature dependence of the DC magne-
tization M (T') for Ug.g9Thgo1Bes at a magnetic field of B = yg H = 0.5T
[19]. In Fig. 7(a) we plot M/H vs T. Open and closed symbols denote
zero-field (ZFC) and field-cooled (FC) data. The SC transition occurs at
T. = 0.63K, below which temperature a clear hysteresis begins. Whereas
only a small additional feature is observed in the FC data, the ZFC data show
a clear anomaly in the sc state, 7.e. at 0.53 K. Its position, T'(B*), almost
coincides with T, observed in (7). In Fig. 7(b) we show the B-T phase dia-
gram of Ug.g9Thg. g1 Beis determined by these magnetization measurements.
The latter confirm the existence of a low-T' anomaly at T'(B*) = Ti, in
Up.99Tho.01Beys.

At £ = x.1 T1, becomes close to T,. Beyond this concentration, the
SC transition at Tci(z) starts to separate again from a low-7 anomaly at
Teo(x) which signals a true second-order phase transition. The transition
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Fig.7. (a) Field-cooled (FC) and zero-field-cooled (ZFC) magnetization of
Ug.99Tho.01Be1s in an external field of 0.5 T as M/H vs T. (b) B-T diagram due
to ZFC measurements including the SC phase transition at B.s and the anomalies
at B*. Open symbols refer to temperature scans, closed symbols represent field
scans. Data points for B = 0 are obtained by a thermal expansion measurement.

temperatures as derived from the usual equal-areas construction in /T vs T
are in good agreement with literature results [10,27]. Comparison of the
outward appearance of the “T1, anomaly” with the transition at Ty strongly
suggests that the phase-transition anomaly at Tce for x > z. evolves out
of the minimum structure at 71, in the subcritical concentration range. The
shape as well as the sign of the anomaly at 71, in the thermal expansion are
consistent with short-range AF correlations [14]. In this same reasoning the
vertical phase boundary found near z = z.; [20] might be ascribed to the
formation of long-range AF order at > z.; and below T' = T [14].

Further arguments for the ‘11, anomaly” being the precursor of the sec-
ond phase transition at Tce are provided by comparing the pressure depen-
dences of T¢, T¢1, and Tee and comparing the jump heights of the a(T)
anomalies at 11, and T, with those at T¢o and T¢q, respectively. These values
are shown as a function of z in Fig. 8. Fig. 8(a) displays the concentration
dependence of 9T, /dp and 0Ty /dp, deduced either from AC susceptibility
measurements under hydrostatic pressure [15], open circles, or from the jump
heights at T. (Tc1) in «(T') [28,29] and C(T') [27] via the Ehrenfest relation,
closed symbols. All pressure derivatives are negative. The absolute value
of 9T, /0p increases only weakly at small Th concentration. Close to the
first critical concentration z.i, however, this increase becomes quite large.
Similar values are found for 9T /dp (z > 0.03) as for 9T, /dp (x = 0). The
absolute value of the pressure dependence of T is strongly enhanced prior
to z = z2 (closed triangles in Fig. 8).
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Fig.8. (a) Pressure dependence of the critical temperature Teyt (T, Tc1, and
Te2) OTerit/Op vs z. Closed symbols correspond to pressure coefficients derived
from the Ehrenfest relation. The value for x = 0.0331 is calculated by using
Aa and AC values from Ref. [29]. Open circles mark the pressure coefficients
of T, and T from susceptibility measurements under hydrostatic pressure [15].
(b) Magnitude of the absolute thermal expansion anomalies at T, (z < xc1), Aa®S,
and Ty (Te1 < < Ze2), Aact, as well as at T}, (z<xc1), Aa”, Teo (Te1 <T < Teo),
Aa®?, and T, (z>zc2), Aa, as a function of Th concentration.

The theoretical models mentioned before as well as a more recent one
[30] predict different SC states below T (z < zc1) and Ty [24,25]. This
prediction was based on seemingly different pressure derivatives of T, (z <
zc1) and Ty [15]. However, 0T /dp and 07,1 /dp behave uniformly with a
maximum absolute value close to z1, indicating some critical (pair-breaking)
fluctuations, while 07To/dp behaves quite differently.

This is supported by the data shown in Fig. 8(b). Here, the evolu-
tion of the jump heights |Aa| at T, and T¢; as a function of z are plotted
for z < 0.043 (closed and open circles, respectively). As always, Ao =
|Aa(Te)| and Aact = |Aa(Te)| as well as Aa®? = |Aa(Tes)| are derived
from equal-areas constructions in «/T vs T plots. The jump height of the
anomaly |Acal| at Ty, is obtained in a similar way, 4.e. by replacing its high-
temperature flank by an idealized jump. The size and the sharpness of the
minimum structure at 71, grow upon increasing x and pass continuously over
into the sharper anomaly at Tpo. Aa® and Aac! form a uniform curve with a
maximum near z = 7. as already found in the specific heat [27]. Aa¥(z) is
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also increasing as z approaches x.1, but this increase becomes even stronger
at higher concentration. Aa®?(x) turns to Aa‘(z) = |[Aa(Te)| for £ > zca.
The corresponding curve shows a global decline for £ > 0.038 with a local

minimum prior at £ = zco, i.e. where Aact — 0.

3.2. The anomalies at Tynax

Another anomaly has been observed in resistivity, specific heat, and ther-
mal expansion experiments performed on pure UBe;3 [16,31,32]. In specific
heat and thermal expansion measurements, the low-7" N-state is dominated
by a broad nearly field-independent maximum structure around 2 K. In ther-
mal expansion measurements on U;_,Th,Be;s with increasing z (< 0.03),
this anomaly is found to shift to lower temperatures (cf. Fig. 9), and Tiax(z)
is depressed in a linear function [32] (¢f. Fig 5). Tmax(z) and T¢i(z) were
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Fig.9. (a) Low-temperature thermal expansion of single-crystalline UBe;3 and
polycrystalline U;_,Th,Be;j3. A vertical shift of each data set has been employed
for clarity. (b) By applying an overcritical field the maximum structure can be
recovered for both z = 0.038 (closed symbols) and 0.043 (open symbols). Arrows

mark the positions of the «(7, B) maxima.

found to intersect at z = 0.03, .e. at the maximum of the T¢1 vs = “dome”.
For & > 0.038, a negative contribution to the N-state thermal expansion,
an(T), is found at low T. This feature can be easily suppressed by appli-
cation of moderate magnetic fields for x = 0.038 and 0.043. At the same
time a positive peak below T' = 1K is recovered whose position is slightly
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shifted to higher T, if the field is increased (Fig. 9(b)). If we extrapolate
this field-dependence to B = 0, we find the peak position to agree within
experimental uncertainty with the continuation of the Thax(z) straight line
established for z < 0.03 [19], ¢f. Fig 5.

Compared to the related maximum at 7'~ 2K in the T" dependence of
the electrical resistivity [16,33], the 2 K anomalies in C(T) and «(T) of pure
UBey3 show (i) a very weak magnetic field dependence, (7i) are less strongly
shifted to lower T upon doping with Th, but (%i1) exhibit a similar response
to hydrostatic pressure, i.e. a shift to higher T". The microscopic origin of the
anomalies at Tpax is not resolved yet. Knetsch et al. [16], based upon their
resistivity results, proposed itinerant magnetic fluctuations while Kromer et
al. [28], due to the positive sign of the a(T") peak (Fig. 9), suggested more
localized (Kondo-like) magnetic fluctuations. Alternatively, the anomaly
might be ascribed to a non-magnetic, e.g. quadrupolar, origin due to its
weak response to the application of a magnetic field.

3.3. The nature of the phase below Teo

In Fig. 10 the thermal expansion and specific heat results are presented
for 0.038 < z < 0.052 displaying the evolution of the two phase transi-
tions through the second critical point z.s & 0.0455. In addition, results of
AC-susceptibility measurements indicating the onset of superconductivity
are also shown in Fig. 10. The jump at T, reaches a maximum value for
z = 0.038 and decreases upon further increasing . The discontinuity at the
SC transition at T¢; in both thermodynamic quantities becomes strongly re-
duced when  exceeds 0.03, see also Fig. 8(b). For z = 0.038 AC®! and Aa*!
are already strongly reduced [34]. For z > 0.043 they cannot be resolved
anymore, though the xac(7T) data reveal the onset of superconductivity at
TY > Tep. At x > 0.0455, TX is coinciding with Ty as is illustrated in
Fig. 10 for x = 0.052 and is labeled T, in the following. Superconductivity
is completely suppressed in Ug.g3Thg.o7Beis [28].

The shape of the single phase-transition anomaly at T, for x > zco in
both «(T) and C(T) looks very similar to the anomaly at Tio
(1 < & < xe2). Scaling the transition temperature and the jump height
of the anomalies below and above z.9 to the position and absolute value
of the negative peak, T}, and «,|, respectively, one finds that they all fall
roughly on top of each other, see Fig. 11. This demonstrates clearly that the
“Teo anomaly” still exists beyond the second critical point [28]. Moreover,
AC-susceptibility measurements show that the phase transition at T is a
SC one. For z > 0.03, the anomaly at T¢; is indicated only by a tiny anomaly
which disappears as £ — zc2. A SC transition at which no anomaly in either
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Fig. 10. Low-temperature specific heat (open symbols, right scale), thermal expan-
sion (closed symbols, left scale), and AC susceptibility (solid line, inner scale) for
polycrystalline U;_,Th,Be;3 with 0.038 < z < 0.052. Vertical arrows mark the
positions of phase transitions at T.; and T.. Dotted vertical lines correspond to

the SC nucleation temperatures deduced from AC susceptibility.

T T T
00F 5 , x=0.038-
: YN 80000%0%0
ozl i & 0.043

_ X LN AEAA 24
= A or 0.0455 1
= 04} AN v .

5 O%v‘ v

Ou0 4
06L %}3 9 LA LR R LY

S 0.052

< w vae.

0.8 h %',A o, i
<
U L T XBe13 a,
10| g 4
1 1 1
0.0 0.5 1.0 15
TI/IT
p

Fig. 11. Low-T thermal expansion coefficient scaled to the absolute maximum value
of the “Tco anomaly” (z < 0.0455) as well as of the “T. anomaly” (z > 0.0455),
a/|ap|, vs temperature scaled to the respective temperature value, T/T), for z =

0.038, 0.043, 0.0455 and 0.052.

=

o

(Miowyr) o



UBey3: Prototype of a Non-Fermi-Liquid Superconductor 269

the specific heat or the thermal expansion is observed points to gapless su-
perconductivity due to strong pair breaking. It is straightforward to assume
that the pair-breaking effect is caused by the fluctuations above Tiax-

As described above, these fluctuations leading to the maximum structure
at Timax may be considered local Kondo fluctuations. They seem to freeze
out gradually below Tiax. Thus, no significant influence on the SC state is
expected for x < 0.03. For £ = 0.03 where T,y attains a local maximum
the Thax(z) line intersects the T¢i(x) line. The reduction of both Ty as
well as of the accompanying phase-transition anomalies in C(T') and «(T')
upon further increasing z, strongly suggest the onset of a very effective pair-
breaking mechanism.

3.4. Normal state of Uj_, ThyBeis (> T¢2)

While the thermodynamic properties of the low-T' N-state of
U1_;Th,Bejs with < 0.03 are governed by a broad maximum structure,
for £ > x¢9, a negative thermal expansion peak shows up at low T (cf.
Fig. 12(a)). The temperature at which the minimum occurs, Tiin, increases
with increasing z. These values are included in the phase diagram of Fig. 5.
By contrast, the absolute size of this minimum, ay,i,, decreases with increas-
ing z, and relative weight is shifted to higher temperatures. In Fig. 12(b)
the field dependence of «, (T') is shown for z = 0.07. While T}y, is almost
field independent, the absolute value of «,,(T') is suppressed steadily. Even
at B = 8T, the highest field accessible, the expansion remains negative. As

a (10°K™)

T(K) T(K)

Fig.12. (a) N-state thermal expansion behaviour a,(T") for U;_,Th,Be;s with
T > Tea- Arrows indicate the temperature, at which «,(T) passes a minimum. (b)
Magnetic field dependence of the thermal expansion coefficient of Ug g3Thg g7Beis.
The minimum position at Ty, is almost field independent.
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reported in [19], in a plot @ (T)/|@min| v$ T/Tmin all curves fall on top of
each other. |amin| is suppressed in a non-linear manner by magnetic fields.
Low fields hardly affect ay,(T), whereas intermediate fields are efficient in
strongly reducing |amin|- For z = 0.0455 and 0.052 amin(B) saturates at
high fields. In [19, 28], this negative a,(7T) anomaly has been related to
inter-site correlations involving extremely small magnetic moments. In this
scenario, the SC transition at T, coincides with the “Teo transition”, i.e. a
long-range AF one. The short-range AF correlations become, upon increas-
ing the Th concentration, progressively frozen out at Ty, ¢.e. well above
the long-range ordering transition.

Assuming that for z ~ 0.1, the 5f2 (U*") configuration with a low-
lying non-magnetic I's CF-driven doublet state and the 5f3 (U3t) config-
uration with a magnetic I's doublet ground state are almost degenerate, a
negative ay(7T) anomaly may be explained alternatively, in the context of
a two-channel Kondo model, by virtual f2-f3 fluctuations [35]. The field-
induced suppression of the negative N-state contribution ay,(T') observed in
U;1_;Th,Bejs with £ > 0.038 may in this scenario be related to the Zeeman
splitting of the magnetic 53 level which lifts the 5f2/5f% degeneracy. This
may result in a suppression of the valence fluctuations due to the stabiliza-
tion of the 5f% ground-state configuration at the cost of the 5f? valence
state [19].

0 2 3 B(M 4
—~ I I I T T T T —
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0 20 40 60 O 1 2 3 4
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Fig. 13. (a) Non-linear susceptibility, M — (Mo + x") B) vs B? of single-crystalline
UBey3 and polycrystalline Ug.9Thg 1Beis. (b) Temperature dependence of x(3) for
UBe;3 and Ug 9Thg 1Bers. Open symbols and broken line refer to Ref. [36].
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This latter scenario may also explain [19] the almost temperature-indepen-
dent small (negative) non-linear susceptibility x*) found for UggThg.Beis
which strikingly contrasts with the apparent negative divergence of x*)(T')
in pure UBey3, ¢f. Fig. 13. In fact, Schiller et al. [35] showed that, at least
at higher T, a T-independent x(*) may originate in an intermediate-valence
ground state of Uranium with 70% weight of the 52 configuration. On the
other hand, a pure U-5f2 configuration as proposed in [36] is unlikely since,
owing to the x3)(T) results of Fig. 13(b), the expected quadrupolar ordering
occurs — if at all — at extremely low temperatures, T' < 50 mK [19].

4. Epilogue

We have discussed the low-T behaviour of the heavy-fermion metal UBeq3
and of its thoriated variant U;_,;Th;Beis (z < 0.1). In the pure com-
pound, an unconventional (not yet fully identified) SC ground state com-
petes with an also unconventional N-metallic state. The latter can be stud-
ied only in applied magnetic fields at lower temperatures, where it shows
striking similarities to the N-state of other NFL superconductors, e.g. S-
type CeCugSiy [37] and CeNiaGeg [38]. This hints at the vicinity of an
AF QCP [39]. We propose that the low-lying 3D AF spin fluctuations re-
sponsible for the NFL properties of N-state UBej3 are those associated with
the field-induced suppression of the “T7, anomaly”, i.e. T, - 0 at B ~ 4T
(cf. Fig. 3(b)).

The “T1, anomaly” in «(T) (z < z.1) seems to indicate the freezing out
of AF short-range correlations — due to its magnetic-field dependence and
its negative sign. As is evident from Figs. 6 and 8b, this unique feature has
to be considered the precursor of the lower of the two second-order phase
transitions that occur at T.; and Tyo for zo1 < x < @eo. It is, therefore,
tempting to assume that long-range AF order (with extremely low ordered
moment [21]) forms below T = T, in agreement with conclusions drawn
from early ultrasound-attenuation measurements [22]. Further, as suggested
in Fig. 6, the SC states below and above z = z.; are not necessarily different,
and the strong T, depression observed at this concentration may be due to
some critical fluctuations near the long-range ordered (AF) phase transition
which occurs at zc; [20].

It was shown that, in addition to T1,, Teo and Tg, Te1, there exists a char-
acteristic temperature, Tiax, at which a pronounced positive a(7') maximum
occurs. Tmax =~ 2K (in pure UBey3) is depressed in a linear function upon
doping with Th (Fig. 5). Though its origin is presently unclear, this unique
feature has two important consequences: (i) As Tmax — 0 near z = Zco,
the SC transition at T¢;, and the transition at Tyo merge. For z > s, only
one (SC) transition can be resolved, whose outward appearance (according
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to our thermal expansion experiments) is very similar to that of the “T¢o
transition” in the critical concentration range, cf. Fig 11. (i) Tmax(z) inter-
sects the T¢1(z) “dome” at its local maximum (2 ~ 0.03). When increasing
the Th concentration further (Thax < Tt¢1), the thermodynamic («, C) sig-
natures of the SC transition at T¢; become less pronounced and disappear
completely as z — z¢o (Fig. 10). This implies either a vanishing of the T¢;
transition as a whole or a vanishing of the SC gap in the presence of a fi-
nite SC order parameter (“gapless superconductivity”). In the first case (Tcq
transition vanishes), the “T¢y anomaly” would presumably have a SC com-
ponent not only for x > z.9, but already in the critical concentration range
Ze1 < x < ZTeo. In the second case (transition into a gapless SC state at Teq
persists), the “Tco transition” is pinned to the SC one at T' = T, for z > zs.
T, is gradually depressed and vanishes near z. ~ 0.07. However, a broad
negative «,(7T) that develops at Tiin > Tc and appears to be intimately
related to the “T;o transition” is stabilized upon increasing x. T increases
by more than a factor of two when going to z = 0.1. Though Tiin(z) seems
to be the continuation of the Tt (z) and Teo(x) line in the phase diagram of
Fig. 5 and despite its negative sign, this a,(T") anomaly shows a magnetic
field dependence that differs from that of T1,(x), Tea(xz): while the latter are
depressed by the field, Ty is almost field-independent.

Finally, in an intermediate-valence scenario, the U-5f3 configuration is
presumably the dominating one for 2 = 0, while the U-5f2 configuration
seems to dominate for z = 0.1. Such an assignment is suggested by the very
different temperature dependences of the non-linear susceptibilities of UBej3
and UggThy Bejs (Fig. 13). This appears somewhat counter-intuitive in
view of the volume expansion caused by the doping with Th, which would
favor the 53 state. We suspect, therefore, that this valence change is gov-
erned by the change in the chemical potential when substituting Th* for
U3™ ions.

In conclusion, it is fair to state that the low-T" properties of the NFL su-
perconductor UBe;3 as well as the rich T—z phase diagram of U;_,Th,Be;s
pose a number of new challenges for and will, therefore, remain on the agenda
of future research.
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